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ABSTRACT 
Mutations affecting specific starch biosynthetic enzymes commonly have pleiotropic 
effects on other enzymes in the same metabolic pathway. Such genetic evidence indicates 
functional relationships between components of the starch biosynthetic system including 
starch synthases (SS), starch branching enzymes (BE), and starch debranching enzymes 
(DBE), however, the molecular explanation for these functional interactions is not known.  
One possibility is that specific SSs, BEs, and/or DBEs associate physically with each other 
in multisubunit complexes. To test this hypothesis, this study sought to identify stable 
associations between SSI, SSIIa, SSIII, SBEI, SBEIIa, and SBEIIb from maize amyloplasts.  
Three separate detection methods, yeast two-hybrid, co-immunoprecipitation, and affinity 
purification using recombinant proteins as the solid phase ligand were used to identify 
specific protein-protein interactions. Numerous instances were detected of specific pairs of 
proteins associating either directly or indirectly in the same multi-subunit complex.  
Gel permeation chromatography of proteins extracted from maize amyloplasts revealed 
two high molecular weight complexes of approximately 600kDa (C600) and 300kDa (C300) 
containing either SSIIa, SSIII, SBEIIa, and SBEIIb, or SSIIa, SBEIIa, and SBEIIb, 
respectively.  To further characterize these interactions, genetic analyses tested the 
interdependence of specific starch biosynthetic enzymes on each other for assembly into the 
complexes.  Association of SSIIa, SBEIIa, and SBEIIb into C600 was found to require the 
presence of SSIII, however, loss of SSIII did not affect assembly of the C300 complex.  
Further purification of the complexes through successive chromatography steps 
ix 
demonstrated SSIII, SSIIa, SBEIIa, and SBEIIb co-purified with C600 and the latter three 
proteins co-purified with C300. These data support the hypothesis that all four enzymes are 
present in C600 and that SSIII mediates assembly of the other three proteins into that 
quaternary structure.  Additional proteins that co-purified with each complex were identified, 
specifically pyruvate orthophosphate dikinase (PPDK) and sucrose synthase1. Both of these 
proteins bound to a specific conserved, non-catalytic fragment of SSIII expressed in E. coli, 
and co-immunoprecipitated with SSIII. Association of PPDK and starch biosynthetic 
enzymes suggests a means of global regulation of carbon partitioning between protein and 
starch in developing seeds.   
Finally, the observed, specific interactions among the SSs and SBEs were further 
examined. Direct protein-protein interactions were reconstituted in a minimal system.  Three 
full-length maize enzymes (SSI, SBEIIa, and SBEIIb) and one conserved domain known to 
participate in complex formation  (SSIIIHD) were expressed in E. coli and purified.  Pull-
down experiments revealed direct binding between SSIIIHD and SSI, SBEIIa, and SBEIIb. 
This binding occurred in the absence of any other maize factors. SSIIIHD and SSI were 
phosphorylated after incubation with soluble extracts of maize amyloplasts.  
Phosphorylation of SSIIIHD enhanced its ability to bind SSI. These data provide novel 
information about the specificity of interactions between starch biosynthetic enzymes, and 
further demonstrate that phosphorylation is likely to play a regulatory role in assembly and 
activity of the complexes.   
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CHAPTER 1:  GENERAL INTRODUCTION 
Research Objective and Significance 
The overall objective of this research is to characterize the biosynthetic mechanisms 
responsible for the semi-crystalline nature of the amylopectin component of starch granules 
in plants.  Amylopectin is a homopolymer of glucose units that functions as an energy 
storage molecule.  This polymer is synthesized in plastids, i.e., chloroplasts and amyloplasts, 
from photosynthates generated in light and is catabolized for the plant's energy needs during 
the dark or during seed germination.  The crystallinity of amylopectin affords starch-
producing organisms the ability to package vast amounts of reduced carbon in a compact 
volume.  Without this property, the amount of glucose that could be stored in soluble form 
would be greatly reduced, and be insufficient to meet energy requirements when 
photosynthesis is not operable.  The advent of this unique biosynthetic system has made 
possible the success and diversity of the entire plant kingdom. 
The role of plants in our biosphere obviously is of critical importance, so that 
understanding the fundamental nature of amylopectin biosynthesis is of great interest.  In 
addition to basic knowledge of plant physiology, there are a great number of practical 
applications and uses of starch.  An obvious example is the fact that more than 50% of the 
caloric intake in the human diet is supplied by plant starches, in rice, pasta and bread made 
from wheat, corn flour, potatoes, root crops, etc., and in many locations and cultures such 
foods may be nearly the sole source of nutrition.  In addition to its importance as a food, 
starch is chemical source for a wide variety of industrial uses.  Examples include 
pharmaceuticals, adhesives, paint additives, packaging materials, and biodegradable clothing, 
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to name a few (Jobling, 2004).  A major research emphasis worldwide in the immediate 
present and future is conversion of renewable plant materials to liquid fuel as a replacement 
for hydrocarbon fossil fuels.  Ethanol made from starch currently is the most widely applied 
method of this type. 
Better understanding of how the crystalline amylopectin structure is attained will allow 
sophisticated manipulation of the system in crop species, to the benefit of society.  Advances 
can be made in nutritional composition, meeting the rapidly rising demand for energy 
sources, and increase economic benefit.  As an example, yield increase could raise the 
efficiency of biofuel production, reducing competition with food production and thus helping 
to control both energy and food costs. 
Literature Review 
Molecular Architecture Imparts Distinct Modes of Glucose Storage 
Both plants and non-plant species require some means of storing glucose when it is 
present in excess of immediate metabolic needs.  Plants use amylopectin and amylose present 
in starch granules for this purpose, whereas animals, fungi, and prokaryotes use glycogen.  A 
major distinction between glycogen and amylopectin is that the former is soluble, whereas 
the plant storage molecule exists in a semi-crystalline state. 
 The importance of the molecular architecture of amylopectin with regard to its 
physiological function can be ascertained by comparing its structure and physical properties 
to those of glycogen (Hizukuri, 1986, 1989; Manners, 1991; Gallant, 1997; Buleon et al., 
1998; Ball and Morell, 2003).  In terms of chemical composition, both glycogen and 
amylopectin are homopolymers consisting of -(14)-linked glucosyl units in "linear" 
3 
chains that also contain -(16) branch linkages (Fig. 1.1A).  The branch frequency in 
glycogen is approximately 8% to 12% of the glucose units, whereas amylopectin contains 
approximately 5% branch linkages.  Accordingly, on average the distance between branches 
in amylopectin is 20 glucose units, and approximately 10 units in glycogen. 
The non-random placement of the branches relative to one another differs in 
amylopectin and glycogen (Fig. 1.1B).  In amylopectin the branches are thought to be located 
relatively close to each other, and so are referred to as "branch clusters".  These clusters are 
separated by a linear distance in which branches are absent or present only minimally.  
Glycogen, in contrast, is thought to be less ordered in terms of the location of branches, such 
that -(16) linkages are distributed more evenly throughout the molecule.   
As a result of these different architectures the physical properties of the two types of 
storage molecule are distinct.  Glycogen is water-soluble therefore the number of glucose 
units polymerized in glycogen, i.e., the degree of polymerization (DP), is limited.  Increasing 
numbers of glucose units in the soluble state decreases the cellular water concentration 
resulting in an increase of osmotic pressure between the cell and its environment.  Cell 
membranes can sustain only a limited osmotic stress, so that glycogen molecules cannot 
grow beyond set DP limits.  Glycogen particles in animal cells can be observed with 
diameters of up to approximately 0.1 μm, whereas starch granules exhibit diameters up to 
500 times larger (Fig. 1.2).  The volume of the starch granule is therefore vastly greater than 
that of glycogen particles, and the amount of glucose contained within them is far in excess.  
It is precisely due to its insolubility that starch is a highly efficient means of glucose storage. 
This packaging of glucose in amylopectin is dictated by the architecture of the molecule that 
allows crystallization by alignment of the regions of chains that lack branches.  As  
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Figure 1.1.  Structures of amylopectin and glycogen.  A. Chemical structure.  The types of 
chemical bonds shared by amylopectin and glycogen are shown.  The figure does not represent 
the structure of the molecules regarding linear chain length, branch placement, or branch 
frequency.  B. Proposed architectural structures.  Branch linkages are indicated by connections 
between lines.  Branches are clusterd in amylopectin compared to their more interspersed 
distribution in glycogen.  Branch frequency is not depicted but differs in the two molecules, 
approximately 5% in amylopectin and 10% in glycogen.
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Figure 1.2.  Starch and glycogen granules visualed in electron micrographs.  Both 
images are to the same scale.  Starch granules are shown within spinach leaf 
chloroplasts, and glycogen granules are visualized in the cytosol of hepatocytes.
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amylopectin crystallizes, water is excluded by the formation of helical chains, resulting in 
denser glucose packaging that does not have the detrimental effect on plant water potential or 
cellular osmolarity as seen in glycogen storage.   
Proposed Details of Starch Granule Structure 
Starch is chemically composed of two homopolymers of glucose, amylose and 
amylopectin.  Amylose contributes approximately 25% of the mass of starch granules in the 
form of long, essentially linear chains of -(14) linked glucosyl units containing minimal 
branching.  The remaining 75% of the granule is branched amylopectin, which is the 
component responsible for the semi-crystalline nature of starch.  This latter fact is 
demonstrated by the finding that mutations that result in loss of amylose, but do not affect 
amylopectin biosynthesis, do not have drastic effects on granule shape or crystallinity 
(Nelson and Rines, 1962). 
Higher order structure assembly observed in amylopectin is thermodynamically driven 
to form the final semi-crystalline molecule, however the exact mechanisms involved are not 
yet known.  A widely recognized model of amylopectin formation describes four main levels 
of organization referred to by the minimal unit size of each (Gallant, 1997; Buleon et al., 
1998).  The first level of organization occurs at a scale of 0.1- to 1.0-nm and is defined by 
linear chain length and branch linkage placement on the -(14) backbone (Fig. 1.1A). 
Enzymatic cleavage of branch linkages and subsequent chain length distribution studies have 
shown both chain length and branch placement to be non-random, conserved in multiple 
starch producing species, and necessary for attaining the next level of architecture (Hizukuri, 
1986, 1989; Morell et al., 1998). 
7 
The close proximity of branches to each other allows for double helical clusters to 
form, resulting in two structurally and chemically discrete layers.  Acid hydrolysis of starch 
granules revealed acid-resistant crystalline lamellae measuring approximately 6-7 nm 
separated by 3-4 nm acid susceptible regions, referred to as amorphous lamellae (Yamaguchi 
et al., 1979) (Fig. 1.3).  The amorphous lamellae are thought to contain the branch linkages 
and thus be loosely packed, accessible to the acid, and susceptible to hydrolysis.  The 
crystalline lamellae are thought to contain clusters of unbranched linear chains tightly 
associated and thus inaccessible to the acid.  This 10 nm repeating architectural unit of 
alternating crystalline and amorphous lamellae is found in all starches regardless of the 
species (Jenkins et al., 1993). 
The association of individual, clustered groups of packed chains in close physical 
proximity are proposed to themselves associate in the next higher level architectural unit.  
These units, referred to as blocklets, are thought to consist of repeating organization of the 
10 nm clusters, to form groupings that can extend between 20 nm and 500 nm in length 
(Gallant, 1997).  This architectural organization is at this point a proposed model based on 
electron microscopy data, and blocklets have yet to be definitely demonstrated. 
With that in mind, the blocklets are in turn predicted to associate into alternating rings 
or shells that give rise to the mature starch granule. (Fig. 1.3).  These growth rings exhibit 
widths of approximately 100 nm to 500 nm, and those make up the granules that range from 
1,000 nm to 10,000 nm.  The architecture at the fundamental levels of individual glucose 
units and the 10 nm cluster groups appears to be very uniform in all starches, however, the 
higher levels leading to shell structure and granule size and morphology vary greatly between 
species and tissues.  For example, leaf granules typically have a 1 μm diameter, while  
810 µm
0.1 µm
0.03 µm
Figure 1.3.  Starch granule structure.  A. Scanning electron micrograph of partially 
hydrolyzed starch granule showing semi-crystalline growth rings alternating with 
amorphous growth rings.  B.  Schematic diagram showing full granule, then a zoomed 
view showing that a single semi-crystalline growth ring is composed of alternating 
crystalline and amorphous lamellae.  The final zoom level shows that the branched region 
of each chain cluster makes up the amorphous lamellae while the unbranched region of the 
cluster makes up the crystalline lamellae.
Semi-crystalline 
growth ring
B.
A.
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endosperm granules from the same species can have a 10 μm diameter.  The essential point 
of this discussion is that the very first order of structure determines all of the higher orders, 
and thus specifies the nature and potential functions of the starch granules. 
Glucan Biosynthesis - Determination of Molecular Architecture 
Having described the importance of amylopectin architecture in relation to its ability to 
serve as a storage molecule, this introduction will now consider the biological mechanisms 
by which that structure is determined.  The essential enzymatic steps in biosynthesis of either 
glycogen or amylopectin are 1) generation of an activated glucose donor molecule, 2) 
elongation of the linear polymer by transfer from the donor and formation of a new -(14) 
bond, 3) -(16) branch formation.  Both molecules also require an initiation step, however, 
this process is not expected to affect or determine molecular architecture.  Furthermore, little 
is known about initiation of amylopectin biosynthesis and the details of the process are 
outside the scope of this review.  The most significant steps for architecture determination 
are chain elongation by glucan synthase, and branch formation by glucan branching enzyme.  
Distinctions in these two steps during biosynthesis of glycogen or amylopectin are expected 
to account for the different architectures and resultant physical properties of the two 
molecules. 
Bacterial glycogen biosynthesis 
 In recent years many studies have sought to define the origin of starch-producing 
plastids.   The similarities between the glycogen and starch biosynthetic pathways indicate 
the probability that early in the evolution of eukaryotic phototrophic species one or more 
endosymbiotic events occurred wherein much of the bacterial glycogen biosynthetic pathway 
10 
was selectively maintained in addition to the host glycogen pathway (Ball and Morell, 2003; 
Nakamura et al., 2005; Deschamps et al., 2008; Deschamps et al., 2008).  Over time a critical 
set of genes from each genome combined to generate crystalline amylopectin.  This 
symbiotic relationship conferred a huge evolutionary advantage in glucan storage 
metabolism.  
Bacteria utilize a minimal set of three enzymes necessary to synthesize glycogen.  This 
set contains one each of ADPglucose pyrophosphorylase (ADPGPP), glycogen synthase 
(GS), and glycogen branching enzyme (GBE). Both prokaryotic GS and starch synthases 
(SS) (Ball and Morell, 2003; Nakamura et al., 2005; Deschamps et al., 2008; Deschamps et 
al., 2008) of green plants use ADPGPP to generate the activated glucose donor ADPglucose 
(ADPGlc) for glucan chain elongation.  As this enzymatic step is not considered a 
determinant of final glucan architecture, its regulation and production will not be discussed 
here. 
GS catalyzes the transfer of the glucose moiety of ADPGlc to the non-reducing end of 
an elongating acceptor glucan, creating a new -(14) linkage, with release of ADP (Fig. 
1.4A).  Although this is the most widely accepted view of GS and SS action, it should be 
noted an alternative mechanism describing addition to the reducing end has been proposed 
(Mukerjea and Robyt, 2005, 2005).  GBE cleaves an -(14) linkage within an existing 
linear chain and transfers the released fragment to a free C6 hydroxyl group elsewhere in the 
same, or neighboring glucan, molecule.  GBE action creates a new -(16) branch linkage 
and a new non-reducing end at the site of linear chain cleavage (Fig. 1.4B).   GBE 
demonstrates a preference of transferring chains 5-16 glucose units in length, thus 
contributing to the order of the glycogen molecule (Guan et al., 1997; Abad et al., 2002).  An  
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sugar donor ADPGlc is transferred to the non-reducing end of an existing chain.  B. SBE.  The 
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interesting feature of glycogen synthesis, and a direct consequence of GBE specificity, is that 
the product of GS activity is the substrate for GBE and the product of GBE activity becomes 
a new substrate for GS.  The dynamic interplay between these two enzyme activities 
accounts for the final, mature glycogen structure. 
Starch biosynthetic enzymes in green plants 
The starch biosynthetic pathway is similar to glycogen in that the glucan synthase and 
glucan branching enzyme families are predominant determinants of amylopectin structure.  
The most significant difference between the biosynthetic pathways of these two molecules is 
while bacteria need only one GS and one GBE to produce glycogen, green plants utilize 
multiple classes within each enzyme family to acquire the mature amylopectin structure.  
Plant genomes encode five classes of starch synthase (SS); granule bound starch synthase 
(GBSS), SSI, SSII, SSIII, and SSIV, and two classes of starch branching enzyme (SBE), 
SBEI and SBEII. Within many of these classes are individual isoforms that have arisen from 
recent gene duplications, for example SSIIa and SSIIb; and SBEIIa and SBEIIb of maize 
(Gao et al., 1997; Harn et al., 1998).  These multiple classes of both SS and SBE are found in 
unicellular green algae and all land plant species examined to date, and retain high 
conservation at the sequence level (Li et al., 2003; Leterrier et al., 2008) (Fig. 1.5; Fig. 1.6).  
A logical explanation for the retention and high conservation of these multiple classes early 
in green plant evolution is that each has a distinct function in determining crystalline 
amylopectin structure. 
Each class of SS contains a region of approximately 400 amino acids at its C-terminus 
that is highly similar in primary protein sequence to GS.  The structure of GS has been 
determined, and the 400 residues fold into two lobes, one of which binds the glucan acceptor 
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Figure 1.5.  Phylogenetic relationships of SS classes and GS.  Species designations 
preceding each class label are as follows: At, Arabidopsis thaliana; St, Solanum tuberosum; 
Ta, Triticum aestivum; Os, Oryza sativa; Ot, Ostreocochus tauri; Cr, Chamlydomonas 
reinhardtii; Agt, Agrobacterium tumefaciens; Sp, Synechocystis sp. PCC 6803.  Unicellular 
green algae are noted in blue text, land plants in black text, and procaryotes in red text.  
After Letterier et al. (2008).
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Figure 1.6.  Phylogenetic relationships of SBE classes and GBE.  Species designations 
preceding each class label are as follows: At, Arabidopsis thaliana; St, Solanum tuberosum; Ta, 
Triticum aestivum; Os, Oryza sativa; Ot, Ostreocochus tauri; Cr, Chamlydomonas reinhardtii. 
Unicellular green algae are noted in blue text, land plants in black text, and procaryotes in red 
text.  After Deschamps et al. (2008).
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and the other the ADPGlc donor (Buschiazzo et al., 2004).  Catalysis occurs at the interface 
between the two lobes.  Based on the conservation of SS C-terminal primary sequence with 
that of GS it is reasonable to assume higher order protein structure and function will also be 
similar. In addition to this conserved structure, each plant SS contains an N-terminal 
sequence unique to its class, none of which are present in GS (Fig. 1.7) suggesting these 
extensions are not required for enzyme activity.   
The SS enzymes all catalyze the transfer of glucose from ADPGlc to a linear glucan 
chain but can be further categorized into two sub-classes based on their physical association 
with starch granules. GBSS is almost exclusively found associated with the starch granule, 
while the other four classes range in their localization between the plastid stroma and 
granules.  Significant pools of SSI and SSII can be found in both stroma and granules, while 
nearly all of SSIII and SSIV are in the stroma (Mu-Forster et al., 1996; Gao et al., 1998; 
Morell et al., 2003; Roldan et al., 2007).  Another distinction between the classes is their 
mode of action regarding processive or distributive mechanisms (Denyer et al., 1999; Denyer 
et al., 1999).  GBSS in the granule acts processively, i.e., the enzyme can add multiple 
glucose units to a chain without dissociating from the growing substrate.  In contrast, SSII in 
soluble form is a distributive enzyme that dissociates from the chain after each glucose 
addition.  Genetic analyses indicate each of these classes play a specific role in amylopectin 
synthesis that is unable to be complemented by the others.  Each class will be discussed 
further in a later section.  
The SBE family of enzymes generate -(16) branch linkages by cleaving an -(14) 
linkage of a linear glucan and transferring the newly released reducing end of the cleaved 
chain to a C-6 hydroxyl of an acceptor glucan.   Each round of SBE activity increases the  
SSIII
GBSSI
SSIIa
SSI
GS
SSIIb
Catalytic regionSSIII HD 
N-terminal arm
698
640
729
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448
Figure 1.7.  Primary structure comparison of SSs and GS.  Schematic representation of maize 
SS proteins showing the highly conserved catalytic activity region (blue) that aligns with 
with bacterial GS sequences. The white regions indicate the variable length N-terminal arms 
present in all the eukaryotic SSs, the sequences of which are specific to each class.  The 
yellow SSIII HD box is part of the unique N-terminal arm that is highly conserved in all SSIII 
class proteins.  These structural features suggest the N-terminal extensions of the SS family 
are important in determining enzymatic specificity between the classes. Numerals indicate 
the residues in the full length protein sequence and the figure is drawn to scale.
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number of non-reducing ends available for continued SS activity.   Three classes of BE, 
SBEI, SBEII, and more recently the putative SBEIII, have been identified based on high 
sequence conservation of their catalytic domain in multiple species (Fig. 1.6) (Han et al., 
2007).  The latter class is remotely distant from SBEI and SBEII and has not yet been 
demonstrated to posses SBE activity, however, the predicted amino acid sequence is 
approximately 30% identical to GBE (Han et al., 2007).  As with the SSs, SBEI and SBEII 
class assignment is based on N-terminal amino acid sequences, preference for substrate 
binding, and length of the glucan chain transferred.  The SBEII proteins contain an N-
terminal sequence lacking in the SBEI group (Burton et al., 1995), which possibly determine 
isoform specificities.  Monocots differ from dicots in that they have two isoforms of SBEII, 
denoted as SBEIIa and SBEIIb.   
SBEI proteins tend to transfer longer linear chains and display a higher rate of 
association with amylose while SBEII proteins transfer shorter chains with a higher affinity 
to amylopectin (Guan and Preiss, 1993; Takeda et al., 1993).  In maize SBEI appears to have 
a preferred chain length minimum of DP16 while the SBEII class prefers chains DP11-12 
(Takeda et al., 1993; Guan et al., 1997).  Arabidopsis also has two isoforms of SBEII that are 
distinct from the monocot isoforms, whereas other dicots contain only one member of the 
SBEII class.  One exception to the conservation of SBE classes is known, specifically the 
absence of SBEI from Arabidopsis.  Both SBEI and SBEII proteins are localized to plastids 
and are found in stroma and granules.  The ratio of stromal to granule pools of each class is 
dependent on tissue specificity, developmental expression, and species (Mu-Forster et al., 
1996; Morell et al., 1997).   
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SS functions 
Understanding the functions of each individual SS class and isoform is necessary 
towards the aim of fully understanding how amylopectin structure is determined.  The ability 
to study individual SS mutants in a number of different species has helped determine tissue, 
developmental, and substrate specificities for each class and their unique roles in 
amylopectin architecture.  Also in some instances antibody neutralization has been used to 
remove an individual SS class in cell extracts. 
One significant observation from such studies is the fact that the degree to which each 
individual SS contributes to total SS activity in plants varies by specie and tissue.  For 
example, SSII accounts for up to 15% of total soluble SS activity in potato tuber (Edwards et 
al., 1995), whereas in pea embryo SSII is the major SS contributor making up 60-70% 
activity (Denyer et al., 1993) and in maize endosperm SSIIa contributes a negligible amount 
to the total activity in soluble extracts.  SSI in both pea and potato is at most a minor 
contributor to total soluble SS activity, which is in contrast to maize endosperm where SSI 
has been shown to be the major soluble SS (Cao et al., 1999).  In potato SSIII accounts for 
the great majority of soluble SS activity at >80% (Marshall et al., 1996), whereas this class 
provides approximately 15% of the soluble activity in maize endosperm.  Keeping all these 
species variations in mind, another important observation is that particular SS classes that 
provide only a minor fraction of total soluble SS activity can have a significant effect on 
amylopectin structure if they should be removed genetically. 
GBSS is thought to be solely responsible for amylose biosynthesis.  This SS class 
contains two highly similar isoforms in both monocot and dicot species.  Both isoforms 
perform the same function but are differentially expressed.  GBSSI is found exclusively in 
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endosperm tissue and GBSSII is expressed during transient starch biosynthesis in leaves and 
other non-storage photosynthetic tissues (Nakamura et al., 1998; Vrinten and Nakamura, 
2000).  In maize endosperm GBSS is encoded by the Waxy locus (Nelson and Rines, 1962).  
Mutations of this locus result in loss of amylose, indicating that this SS class likely elongates 
linear glucan fraction of the starch granule.  Essentially identical results have been observed 
in numerous other species in which the GBSS protein was eliminated (Delrue et al., 1992; 
Denyer et al., 1995; Flipse et al., 1996).  It appears that GBSS is the sole determinant of 
amylose formation as none of the other classes of SS can compensate for its loss. The four 
remaining classes of SS appear to function only in amylopectin biosynthesis, based on the 
observation that mutations eliminating SSI, SSII, SSIII or SSIV do not prevent amylose 
biosynthesis. 
Absence of GBSS function does not affect amylopectin accumulation or granule 
morphology, indicating this SS class is not required for amylopectin structure or 
crystallization (Shure et al., 1983; Klösgen et al., 1986).  It has been proposed from pulse-
chase experiments that GBSS may be involved in extending long chains in amylopectin 
(Delrue et al., 1992; Maddelein et al., 1994), and that amylopectin serves as the primer for 
amylose biosynthesis.  These results in Chlamydomonas were not observed in higher plants, 
where the primer for GBSS activity is proposed to be malto-oligosaccharides (MOS) (Denyer 
et al., 1999; Denyer et al., 1999). 
SSI mutants have been studied in Arabidopsis and rice (Delvallé et al., 2005; Fujita et 
al., 2006), with the observation that loss of this enzyme class results in a reduction in molar 
frequency in amylopectin of linear chains of DP6 to DP10, and an increase in the frequency 
of DP12 to DP25 chains.  From this result it appears that SSI provides a function in 
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production of DP6 to DP10 that cannot be replaced by SSII, SSIII, or SSIV.  The reason that 
the DP12 to DP25 chains increase in frequency may be that loss of SSI allows greater 
activity of one or more of the other classes, possibly because SSI may be a negative 
regulator, and/or a competitor with the other SS enzymes for binding to glucan substrate.  
SSI from maize exhibits a drastically increased Kd for glucan chains beyond DP10 (Commuri 
and Keeling, 2001) with a concomitant decrease in its activity, consistent with the idea that it 
cannot extend such chains and also that it blocks access to DP10 chains by SSII, SSIII, or 
SSIV.  Thus, SSI binding to shorter chains could increase the abundance of those chains at 
any instant in time.  At this time either branching could then occur, and another round of SS 
activity could commence, or that particular chain could be incorporated into the growing 
starch granule.  Thus it is proposed SSI plays a critical role in organizing cluster formation 
and amylopectin final structure. 
Two isoforms of SSII are found in monocots, SSIIa and SSIIb. Molecular 
characterizations in maize indicate the SSIIb isoform is found mainly in leaf tissue but at low 
abundance.  No mutations of SSIIb have been identified in maize or other species studied to 
date and its function in starch synthesis remains unknown (Harn et al., 1998).  Genetic and 
molecular studies of SSIIa in maize (Zhang et al., 2004), rice (Nakamura et al., 2005; 
Umemoto and Aoki, 2005), pea (Craig et al., 1998), wheat (Yamamori et al., 2000) and 
barley (Morell et al., 2003) have provided finer detail of SSII function in determining 
amylopectin structure.  In every instance the loss of SSII activity resulted in a decrease in 
frequency of DP12 to DP25 chains within amylopectin and an increase of the shorter DP6 to 
DP10 chains.  In addition, the amount of amylose to amylopectin in the starch granule is 
increased (Craig et al., 1998; Umemoto et al., 2002; Morell et al., 2003).  From these data it 
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appears that SSII may have the function of extending chains of DP6 to DP10, produced by 
SSI, out to DP12 to DP25.  These very consistent results across species are notable in light of 
the fact that the amount of SSII activity in soluble extracts varies to a great extent, as 
mentioned previously in this section. 
 The role of the SSIII class has been extensively studied in endosperm storage tissues of 
various species and more recently in transient starch synthesis in Arabidopsis leaves [Boyer, 
1981 #61; Cao, 1999 #6; Cao, 2000 #62; Gao, 1998 #70; Zhang, 2005 #54].  In general, 
plants lacking SSIII activity exhibit a decrease in starch accumulation and altered chain 
length distribution in amylopectin with depletion of longer glucan chains of DP25 to DP35 
however these effects can vary depending on genetic background.  In maize, mutation of the 
gene designated as dull1 (du1) is known to condition a mild dull, matte mature kernel 
phenotype (Mangelsdorf, 1947).  Genetic and molecular analyses identified the wild type 
Du1 gene product as SSIII (Gao et al., 1998).  In du1- mutants maize endosperm starch 
content is altered with an increase in the amylose to amylopectin ratio compared to wild type 
(Wang et al., 1993a; Wang et al., 1993b) along with the reduction of long amylopectin 
chains. Similar studies conducted in an antisense suppression line of SSIII in potato and of 
the SSIII homologous sta3 mutant of Chlamydomonas show altered long chain length 
frequencies but in addition demonstrate severely deformed starch granule phenotypes 
(Fontaine et al., 1993; Abel et al., 1996; Marshall et al., 1996; Edwards et al., 1999).  Rice 
contains two isoforms of the SSIII class, SSIIIa and SSIIIb, which are specifically expressed 
in developing endosperm and leaf, respectively.  Rice mutant lines of endosperm specific 
SSIIIa were observed to have the same deficiencies in DP>30 amylopectin chains and altered 
starch granule size (Fujita et al., 2007; Ryoo et al., 2007).   
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While most studies have focused on the role of SSIII in storage starch synthesis, a 
comprehensive approach was used to determine the effects of SSIII in transient leaf starch 
accumulation, composition, and amylopectin structure in Arabidopsis (Zhang et al., 2005).   
Analyses of null mutations within the Atss3 gene showed a starch excess phenotype in leaves 
at the end of light, an increase of DP>60 amylopectin chains, and a decrease of intermediate 
chains of DP12-25.   The altered chain length distributions indicate SSIII may exert 
regulatory effects on other SSs.  As seen in other species, SSII appears to elongate DP6-10 
chains generated by SSI to intermediate chains DP12-25 and the observation of a decrease in 
these chains in the SSIII null mutant suggest a positive regulation of SSII in wild type.  In 
contrast to the endosperm specific starch accumulation defect seen in other plants, the starch 
excess phenotype in leaves suggests SSIII normally exerts a negative regulatory effect on SSI 
that is relieved in these mutants.  
Until recently, very little has been known about SSIV function in starch biosynthesis.  
A comprehensive genomic and sequence analysis of the SSIV gene in wheat indicates high 
conservation with unicellular algae and land plant SSs (Leterrier et al., 2008).  SSIV protein 
is expressed exclusively in the stroma of endosperm and leaf plastids in species studied thus 
far.  Arabidopsis mutants that lack SSIV protein do not appear to have altered leaf starch 
accumulation, amylose/amylopectin composition, or fine amylopectin structure.  These plants 
do display a severe growth phenotype and a decrease in starch granule number to one or two 
per plastid.  The starch granules isolated from these SSIV mutants are also much enlarged 
compared to wild type (Roldan et al., 2007).  These findings suggest SSIV, unlike GBSS, 
SSI, SSII, and SSIII, is not directly involved in starch biosynthesis but rather in starch 
granule formation.   
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SBE functions 
 The role of the SBEI class of enzymes in amylopectin structure and synthesis has not 
been clearly defined.  SBEI mutants with null or decreased enzyme activity have not shown 
much effect on starch synthesis, composition, or structure in a number of species studied to 
date (Tetlow et al., 2004).  Chain length distribution studies of amylopectin isolated from 
various rice cultivars lacking SBEI show a minimal decrease in intermediate (DP16-23) and 
long (DP>37) chains frequencies and slight increase of chains shorter than DP12 (Nakamura, 
2002; Satoh et al., 2003). The most significant effect attributed solely to the sbe1 mutation in 
rice was a reduction in the onset of gelatinization of starch granules compared to wild type 
(Satoh et al., 2003).  Similarly, maize mutants deficient in SBEI did not exhibit any 
noticeable phenotype in leaf starch or endosperm starch (Blauth et al., 2002). 
Genetic analyses in maize and rice have provided a thorough characterization of SBEII 
functions.  Cereals contain two isoforms of SBEII, referred to as SBEIIa and SBEIIb.  In 
maize both isoforms are expressed in endosperm tissue (Gao et al., 1997), however mutations 
eliminating SBEIIa have little effect on endosperm starch structure or quantity (Blauth et al., 
2001).  Leaf tissue in monocots expresses only SBEIIa and in this instance the mutation in 
maize significantly affected transient starch structure causing reduced branch frequency and 
elongated average chain length.  Mutation of BEIIb, encoded in maize by the amylose 
extender (ae) gene, caused similar defects in endosperm starch (Garwood et al., 1976).  
Similar results were observed in rice endosperm, where SBEIIb deficiency caused decreased 
abundance of short chains of DP7 to DP12 and increased frequency of longer chains of DP13 
to DP25, and SBEIIa deficiency had essentially no effect (Nakamura, 2002; Satoh et al., 
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2003).  The data taken together indicate that in endosperm tissue SBEIIb has a function that 
cannot be supplied by SBEI or SBEIIa. 
In dicots there are also two forms of SBEII, however, these do not correspond precisely 
to the SBEIIa and SBEIIb forms of monocots (Dumez et al., 2006; Han et al., 2007).  Genetic 
analysis in Arabidopsis showed that loss of either one of the SBEII isoforms had only minor 
effects, whereas simultaneous deletion of the two genes caused a complete inability to 
synthesize leaf starch (Dumez et al., 2006).  Thus, in Arabidopsis leaves, in contrast to maize 
or rice endosperm, both of the two SBEII isoforms appear to have redundant functions and 
thus can compensate for each other somewhat. 
The SBE genes provide an exception to the general rule stated so far in this dissertation 
that each of the starch biosynthetic enzymes is conserved in the plant kingdom.  SBEIII is 
present in poplar, Arabidopsis, and rice but is lacking in any green algae with a sequenced 
genome (Han et al., 2007).  Whether or not SBEIII exists in maize will be revealed when the 
genome sequence is complete, however, to date there is no evidence for this class.  SBEI also 
is missing from some species, specifically Arabidopsis.  As mentioned previously, mutational 
analysis of SBEIII in Arabidopsis has not provided any evidence for a functional role in 
starch biosynthesis (Dumez et al., 2006). 
One seeming exception to the role of SBEs in starch biosynthesis has been reported in 
cassava.  A novel mutant lacking only SBE activity was described as having a water-soluble 
storage molecule instead of starch and a very high proportion of free sugars (Carvalho et al., 
2004).  While it is unclear which class of SBE is affected in this species, these observations 
would indicate a novel SBE function in starch synthesis and so will warrant further 
investigation. 
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From these genetic analyses it is difficult to draw clear conclusions about the roles of 
specific SBE isoforms in determining amylopectin structure.  Clearly the degree of branching 
as determined by SBE function is critical, as would be expected.  However, the fact that SSs 
act on short chains produced by SBE activity makes it difficult to discern what role each SBE 
class might play.  There are some instances of non-redundant functions, e.g., SBEIIb in 
monocot endosperm cannot be compensated for by SBEI, and other instances of overlapping 
functions, e.g., the two SBEII isoforms of Arabidopsis leaves.  Biochemical analyses of 
recombinant enzymes indicate potential functional differences, because SBEI and SBEIIb of 
maize transfer different lengths of chain in vitro (Guan and Preiss, 1993). 
Involvement of starch debranching enzymes in amylopectin biosynthesis 
An unexpected finding regarding amylopectin biosynthesis in plants is that 
-(16) glucosidases, which hydrolyze branch linkages, are required for normal 
amylopectin architecture.  The intuitive expectation for such starch debranching enzymes 
(DBE) is that they would be involved solely in starch breakdown in order to release glucose 
during times when no photosynthesis is occurring, and in fact DBEs do possess such 
functions.  However, analysis of sugary1 mutations of maize (su1) demonstrated that DBEs 
also have a biosynthetic function for amylopectin.  Mutations of su1 cause severe reduction 
of crystalline starch, and a nearly equal accumulation of a glycogen-like polymer, termed 
phytoglycogen, that is never detected in wild type (Correns, 1901; Black et al., 1966).  This 
maize mutation has been known for more than a century and was among the first 
demonstrated Mendelian factors after the rediscovery of Mendel’s work.  Molecular cloning 
and biochemical analysis showed that su1 codes for a DBE similar in amino acid sequence to 
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known bacterial -(16) glucosidases, specifically Pseudomonas isoamylase (James et al., 
1995; Rahman et al., 1998).  These data indicate that DBE activity is required for production 
of the normal amylopectin structure.  This function is conserved in plants, because 
isoamylase-type DBE defects cause loss of crystalline starch and accumulation of 
phytoglycogen in many other species (Mouille et al., 1996; Nakamura et al., 1996; Zeeman et 
al., 1998; Burton et al., 2002; Bustos et al., 2004; Delatte et al., 2005; Wattebled et al., 2005). 
DBE function on glycogen metabolism is similar to that in plants in the sense that the 
enzyme is active during biosynthesis and shapes the structure of the glucan product 
(Dauvillee et al., 2005).  Its major physiological role in E. coli, however, is in degradation, as 
shown by the fact that mutation of glgX, the only gene encoding isoamylase in that organism, 
causes excess accumulation of a modified glycogen (Dauvillee et al., 2005). 
A distinction between amylopectin and glycogen biosynthesis with regard to DBE 
activity is that multiple conserved classes and isoforms exist in plants (Hussain et al., 2003), 
whereas only a single DBE exists in any one prokaryotic species.  Diverse plant species 
contain three isoforms of the isoamylase-type DBE class and one member of the 
pullulanase-type DBE class.  The isoamylase-type and pullulanase-type enzymes differ from 
each other with regard to substrate specificity, and each is derived from a separate 
prokaryotic ancestor gene (Dinges et al., 2003).  Like the isoamylase-type DBE encoded by 
su1, the maize pullulanase-type enzyme also can function in producing an amylopectin 
architecture that stimulates crystallization, however, this could only be observed in a genetic 
background where the isoamylase-type DBE was compromised by a mutation (Dinges et al., 
2003). Similar results were observed in Arabidopsis (Wattebled et al., 2005), and a role of 
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pullulanase-type DBE in starch production was also indicated in barley from mutations that 
eliminate a specific inhibitor of this enzyme (Stahl et al., 2004).   
Three isoforms of the isoamylase-type DBE, named ISA1, ISA2, and ISA3 exist in 
maize, rice, potato, and Arabidopsis. The DBE mutations referred to in the previous 
paragraph condition defects in ISA1 activity.  Mutations eliminating ISA2 in Arabidopsis 
also caused phytoglycogen production and loss of amylopectin (Delatte et al., 2005; 
Wattebled et al., 2005).  Arabidopsis mutations affecting ISA3, in contrast, caused a starch 
excess phenotype indicative of a primary physiological role in starch breakdown (Delatte et 
al., 2005; Wattebled et al., 2005).  This conservation indicates a unique role for each 
isoamylase-type DBE isoform, either in starch biosynthesis, breakdown, or both. 
Two models have been proposed to describe the contribution of DBE in starch 
synthesis.  The first, widely accepted model termed “glucan trimming” puts forth the idea 
that DBE activity during synthesis removes errant branches in pre-amylopectin molecules 
that prohibit crystallization at the surface of the starch granule (Ball et al., 1996; Myers et al., 
2000).  The alternative model suggests DBEs degrade non-functional soluble polymers 
formed aberrantly outside the growing starch granule, thus removing a competitive substrate 
source for SS and SBE activities (Zeeman et al., 1998).  In DBE mutants, this soluble 
molecule out-competes granule synthesis thus explaining the decrease of starch and 
appearance of phytoglycogen.  Most recent data have shown the amylopectin present in DBE 
mutants is structurally altered indicating DBE has a direct effect on amylopectin synthesis, 
supporting the glucan trimming model (Dinges et al., 2001; Delatte et al., 2005; Wattebled et 
al., 2005). 
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In summary, DBEs have been shown to have a significant role during starch 
biosynthesis, specifically in determining amylopectin structure. These enzymes must be 
considered, in addition to the SSs and SBEs, in any investigation of the mechanisms that 
determine amylopectin structure.  Most likely all three of these enzyme families work 
directly in shaping the overall architecture of the nascent glucan polymer. The involvement 
of DBEs may be an important factor in the distinctions between biosynthesis of glycogen and 
amylopectin and the physiological functions of these two molecules. 
Functional Interactions 
This review has introduced the enzyme families, classes, and in some cases isoforms 
that participate in storage polymer synthesis, in particular the enzymes necessary for 
crystallization of amylopectin.  Characterizations of single gene mutations altering individual 
enzyme activities have been invaluable in defining specific class and isoform functions in 
this pathway.  While it may be tempting to assign discrete, linear steps for each enzyme 
identified in amylopectin synthesis, such a view is over-simplistic based on what is known 
about the synthesis of other biopolymers.  For example multi-subunit protein complexes are 
known to form and be responsible for the coordinated biosyntheses of DNA, protein, and 
lipid molecules. When one takes into account the number of SS, SBE, and DBE classes 
conserved across the plant kingdom, their non-overlapping functional specificity in 
amylopectin production, and models of other biological polymer syntheses it is reasonable to 
extend the hypothesis that these enzymes also are functionally coordinated in protein 
complexes.  Numerous observations described in the literature are consistent with this 
hypothesis. Two general experimental approaches that provide evidence of functional 
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interaction among starch biosynthetic enzymes are discussed in the following sections.  
These are 1) synthetic phenotypes observed in particular double mutant combinations, and 2) 
pleiotropic effects of single mutations in one enzyme on other activities in the same pathway. 
Double mutants - synthetic phenotypes 
If two components of a biosynthetic pathway were to work independently of each 
other, then the expected result of eliminating both enzymes would either be epistasis, i.e., one 
mutant phenotype predominating, or the effects of the two individual mutations would be 
additive.  This is not often the case when two mutations each affecting a starch biosynthetic 
enzymes are combined in a single plant line.  The observed result often is a novel phenotype 
distinct from that conditioned by either single mutation, referred to as a “synthetic 
phenotype” (Fig. 1.8).  In this instance there must be global effects on the biosynthetic 
pathway.  The molecular explanation for this genetic evidence is not known, however, a 
reasonable hypothesis is that the two affected proteins interact as components of a 
multiprotein complex. 
A classic example of a synthetic phenotype occurs between specific alleles of the 
genes du1, coding for SSIII, and su1, coding for the DBE ISA1 (Mangelsdorf, 1947; James et 
al., 1995; Gao et al., 1998).  Alone, each mutant exhibits a mild kernel phenotype difficult to 
distinguish from wild type.  In the double mutant there is a striking, severely shrunken 
phenotype, including a glassy appearance indicative of the presence of phytoglycogen.  This 
effect clearly is not additive and would therefore suggest SSIII and ISA1 may physically 
interact to exert control over starch synthesis.  Subsequent molecular cloning results  
Self-pollinated ears
Parental 
genotype
su1-st
+ ; isa2-
+
su1-p
+ ; isa2-
+
Figure 1.8.  Synthetic phenotypes in maize kernels.  Specific mutant alleles of 
the su1 gene were coupled with a null mutation of the isa2 gene by 
self-pollination of a double heterozygote, so that the expected double mutant 
frequency is 1/16th.  None of the mutations in the crosses cause a noticeable 
kernel phenotype.  At approximately the 1/16th frequency a severely shrunken 
and glassy kernel appears distinct from any of the parental phenotypes.  
Molecular analyses subsequently revealed that the severe mutant kernels 
invariably carry mutant alleles at both the su1 and isa2 loci and also contain 
abnormal glucans, specifically phytoglycogen that never appears in any of the 
wild type or single mutant parental lines.
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indicated that the particular su1 allele in this analysis, su1-am, is a point mutant that affects 
isoamylase-type DBE activity but does not eliminate the protein (Dinges et al., 2001). 
In addition to ISA1, synthetic phenotypes involving SSIII have been observed with 
mutations affecting several known enzymes of the starch biosynthetic pathway.  These 
include the pullulanase-type DBE ZPU1, encoded by the zpu1 gene, and SSII, encoded by 
the su2 gene (M. James, unpublished results).  Thus, SSIII is particularly notable as a factor 
that may affect other aspects of starch biosynthesis besides its own independent activity.  
Other synthetic phenotype examples involve the debranching enzyme activities, with 
combinations of su1/isa2 (M. James, unpublished results), and su1/zpu1 (Dinges et al., 2003). 
Pleiotropic effects of single mutations on multiple starch biosynthetic enzyme activities 
There are numerous examples in the literature where a single mutation in a gene 
known to code for a starch biosynthetic enzyme conditions altered activity of two or more 
enzymes in the same pathway.  A classical example again involves maize SSIII, where a du1- 
mutation caused loss of SSIII activity as observed in anion exchange fractions, and also 
eliminated the activity of SBEIIa (Boyer and Preiss, 1981).  Another effect of the du1- 
mutation causes an increase in the total SS activity present in soluble endosperm cell 
extracts, primarily SSI (Singletary et al., 1997; Cao et al., 1999).  Similar effects were 
observed from a mutation eliminating SSIII in Arabidopsis (Zhang et al., 2005). 
SBEIIa activity is affected pleiotropically not only by the SSIII mutation, but also by 
mutations in genes coding for two different DBEs.  These data come from in-gel enzyme 
activity assays, i.e., zymograms (Fig. 1.9).  The other mutations that secondarily eliminate 
SBEIIa activity are in su1 and zpu1 (Dinges et al., 2001; Dinges et al., 2003).  In the case of  
SBEI
SBEIIa
SBEIIb
WT -BEIIb -BEIIa -BEI -BEIIb WT -ZPU1
Figure 1.9  Pleiotropic effects observed in zymogram analysis.  Soluble 
endosperm cell extracts were separated in native PAGE then blotted to a 
starch-containing gel.  Starch metabolizing activities were visualized by 
staining with iodine.   Red/pink bands represent SBE activities.  Mutational 
analysis demonstrated the identity of each activity band.  Mutation of SBEIIb 
caused loss of that band as well as two of the migratory forms of SBEI.  
Mutation of ZPU1, a DBE, caused loss of SBEIIa activity.
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su1 the affect is allele specific, occurring only with the su1-st mutation (Dinges et al., 2001).  
The SBEIIa protein level is not affected by either su1 or zpu1 mutation, indicating that the 
pleiotropic effect occurs post-translationally (Dinges et al., 2003).  Other pleiotropic effects 
involving SBEs are maize mutations in the gene for SBEIIb secondarily changing the 
zymogram profile of SBEI (Colleoni et al., 2003), and a rice mutation in the gene coding for 
SBEIIb also affecting SSI (Nishi et al., 2001).  Additional pleiotropic effects are also known 
for su1 mutations.  These include pleiotropic reduction in the enzyme activity of ZPU1 in 
maize (Pan and Nelson, 1984) and SBEI in barley (Burton et al., 2002). 
Taken together these data constitute a preponderance of evidence that starch 
biosynthetic enzymes do not work independently.  Rather, they frequently affect each other’s 
activities.  The hypothesis that the starch biosynthetic machinery operates in multisubunit 
complex(es) could explain these observations. 
Additional evidence for functional interactions among starch biosynthetic enzymes 
Another line of evidence suggesting that specific maize starch biosynthetic enzymes 
interact functionally comes from a reconstruction of part of the system in Saccharomyces 
cerevisiae (Seo et al., 2002).  Strains were constructed in which glycogen biosynthesis 
depended on expressed combinations of maize SBEs, together with the native GS.  In these 
strains SBEI did not support glycogen biosynthesis, however, that enzyme did have a 
significant affect on glycogen structure if both SBEIIa and SBEIIb were co-expressed in the 
yeast host.  These data could be explained by a direct interaction among all three maize 
SBEs. 
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In addition to the indirect genetic evidence discussed to this point, there is direct 
evidence of protein interactions involving a number of starch biosynthetic enzymes.  A study 
of wheat amyloplasts showed that branching enzyme SBEIIb co-precipitated with another 
branching enzyme class, SBEI, and also with starch phosphorylase (Tetlow et al., 2004).  
Formation of those complexes was shown to be dependent on the phosphorylation state of 
one or more components.  These data indicated formation and regulation of protein-protein 
interactions involved in amylopectin synthesis probably occur in planta.  
Potential Biological Relevance of a Coordinated Starch Biosynthesis System 
From all the data cited in the previous sections, the proposal can be made that starch 
biosynthetic enzymes, specifically SSs, SBEs, and DBEs, exist in cells associated with each 
other in multisubunit complexes.  One can speculate on the possible advantages to the 
biosynthetic pathway, and to the organism, from this arrangement.  Potentially, complex 
formation could be a distinguishing feature between glycogen and starch biosynthesis, 
accounting for the architectural specificity of amylopectin.  This could occur owing to spatial 
arrangements of active sites, for example, a certain length of extension by SS prior to 
cleavage and branching catalyzed by SBE.  Also the SSs and SBES, and potentially DBEs, 
could all act on the same polymer substrate near-simultaneously while they are constrained 
within a limited space.  The availability of multiple classes for each enzymatic step could 
allow formation of various subset complexes in which certain classes of SS associate with a 
specific SBE class.  These distinct assortments might provide functional flexibility for 
construction of different regions of the amylopectin molecule, e.g., branch clusters vs. linear 
chain cluster units lacking branches.  This might be in part responsible for formation of the 
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cluster units.  A further speculation is that the assembly of glucose into a high concentration 
of polymer within a limited space defined by the structure of the complex could be a factor 
that drives the molecule towards crystallization. 
The efficiency and/or rate of starch biosynthesis could be increased by the existence of 
biosynthetic complexes, compared to individual enzymes acting independently and each 
requiring a separate binding event.  This can be considered as a form of substrate channeling, 
where the product of one enzyme, e.g., SS, is handed directly to the SBE for branching, or a 
new branch is either immediately offered to SS for elongation or to DBE for removal if the 
branch is improperly placed.  Thus, the large amounts of photosynthate produced by the plant 
could be rapidly packaged into insoluble granules, perhaps much faster than would be 
possible if the enzymes were acting independently. 
Another possible advantage of the biosynthetic complexes is coordinated regulation of 
the system.  Instead of each individual protein being regulated independently, the activity of 
the entire complex could respond to a regulatory event such as phosphoryaltion or regulatory 
factor binding that directly affects only one component.  Assembly in a complex also affords 
the ability for direct regulation of enzyme activities of one family or class by association with 
another.  In other words, in addition to serving as biosynthetic enzymes, an SS or SBE or 
DBE could also have a second function as a regulatory molecule affecting a different 
catalytic activity. 
Experimental Approaches 
A large amount of genetic, molecular, and biochemical data has been described in the 
literature that suggests starch biosynthetic enzymes function in multi-subunit protein 
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complexes, and in doing so are able to finely regulate activities necessary to achieve 
amylopectin architecture.  The observation in wheat amyloplasts that specific arrangements 
of SSs and SBEs co-immunoprecipitate lends credence to the hypothesis, which states 
functional protein complexes determine final starch structure.  At this time it is not known 
whether or not such assemblies of starch biosynthetic enzymes exist or which proteins 
directly interact with one another.  The goal of my research is to identify and characterize 
direct protein-protein interactions among the enzymes of the starch biosynthetic pathway, 
and to demonstrate these interactions mediate assembly of functional multi-protein 
complexes active in amylopectin biosynthesis. 
I will use a combination of in vitro and in vivo molecular and biochemical assays to 
identify protein-protein physical interactions among the SS, SBE, and DBE classes of 
biosynthetic enzymes.  By using multiple, independent approaches the veracity of positive 
interactions identified by any one means can be definitively confirmed, and also ensure a 
more comprehensive coverage of detection that would not be possible with a single approach 
alone. Source materials will include, 1) maize endosperm proteins extracted during the 
developmental stage of rapid starch accumulation/synthesis, 2) maize amyloplast proteins 
isolated from developing endosperm tissue, 3) SS, SBE, and DBE cDNAs used to create 
recombinant proteins, and 4) antibodies raised against specific SS, SBE, and DBE proteins. 
 The following methods will be used to identify direct protein-protein interactions 
among specific components of the storage starch biosynthetic pathway in maize endosperm.  
The in vivo protein-protein interaction assay (yeast two-hybrid) will be used to systematically 
test for specific pair-wise interactions among the SSs, SBEs, and DBEs.  Affinity purification 
chromatography utilizing solid phase recombinant proteins and mobile phase cellular extracts 
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will allow identification of both direct and indirect interactions.  Reconstitution affinity 
chromatography combining two recombinant proteins will be used to further characterize 
direct interactions and whether other cellular components or modifications are necessary for 
interaction formation and stability among specific paired proteins.   Co-immunoprecipitation 
assays will be used to purify protein complexes from endosperm and amyloplast extracts, and 
identify individual components.  In addition, protein complexes will be purified from soluble 
amyloplast extracts by classical biochemical methods including gel permeation and anion 
exchange chromatography.  Immunoblotting and mass spectrometry will be used to identify 
interacting partners with all these in vitro methods. 
Taken together, all of these biochemical data are expected to definitively demonstrate 
that specific SSs, SBEs, and/or DBEs are capable of associating, either directly or indirectly 
in multi-subunit complexes.  In addition, some of the methods, particularly affinity 
purification and biochemical purification, coupled with mass spectrometric identification of 
the proteins present, may identify novel factors that associate with the starch biosynthetic 
enzymes.  These studies will enable further detailed investigations of the functions of each 
complex in vivo and their significance, if any, in determination of amylopectin structure and 
more generally in carbohydrate metabolism in the organism. 
Dissertation Organization 
This dissertation comprises five chapters.  Chapter 1 defines the research questions 
under investigation and presents a literature review that describes the current state of 
knowledge in the field.  Chapter 2 is a paper that was published in Plant Physiology.  
Chapters 3 and 4 are written as near-final manuscripts in preparation for submission during 
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the summer of 2008.  Chapter 5 presents general conclusions from this body of work, and 
proposes future directions of research to further the overall goals of the project.  
Chapters 2 and 3 are multi-author papers.  In Chapter 2 I performed all of the 
experiments described, with the exception of affinity purification using SSIIa as the solid 
phase ligand, and immunoprecipitation using antibodies raised against SSIIa.  Fushan Liu, a 
graduate student at the University of Guelph, performed the work involving SSIIa.  Some of 
the experiments I performed in this chapter were repetitions of work that had been previously 
undertaken by earlier graduate students in our laboratory, Rebekah Marsh and Seungtaek 
Kim. Chapter 3 is in collaboration with Qiaohui Lin, a MS degree candidate in our 
laboratory, and the paper will be submitted designating each of us as co-first author.  Chapter 
4 is entirely my work. In Chapter 4 I performed all reconstitution experiments with 
recombinant enzymes and affinity purifications.  I wrote this dissertation with editorial 
guidance and assistance from my co-major professors, Drs. Alan Myers and Martha James. 
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Abstract 
Mutations affecting specific starch biosynthetic enzymes commonly have pleiotropic 
effects on other enzymes in the same metabolic pathway.  Such genetic evidence indicates 
functional relationships between components of the starch biosynthetic system including 
starch synthases (SS), starch branching enzymes (BE), and starch debranching enzymes 
(DBE), however, the molecular explanation for these functional interactions is not known.  
One possibility is that specific SSs, BEs, and/or DBEs associate physically with each other in 
multisubunit complexes.  To test this hypothesis, this study sought to identify stable 
associations between three separate SS polypeptides (SSI, SSIIa, SSIII) and three separate 
BE polypeptides (BEI, BEIIa, BEIIb) from maize amyloplasts.  Detection methods included 
in vivo protein-protein interactions tests in yeast nuclei, immunoprecipitation, and affinity 
purification using recombinant proteins as the solid phase ligand.  Eight different instances 
were detected of specific pairs of proteins associating either directly or indirectly in the same 
multi-subunit complex, and direct, pair-wise interactions were indicated the in vivo test in 
yeast.  In addition, SSIIa, SSIII, BEIIa, and BEIIb all co-migrated in gel permeation 
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chromatography (GPC) in a high molecular weight form of approximately 600 kDa, and 
SSIIa, BEIIa, and BEIIb also migrated in a second high molecular form, lacking SSIII, of 
approximately 300 kDa.  Monomer forms of all these four proteins were also detected by 
GPC.  The 600 kDa and 300 kDa complexes were stable at high salt concentration, 
suggesting that hydrophobic effects are involved in the association between subunits. 
 
Introduction 
Plant species typically store reduced carbon in the glucan polymer amylopectin, located 
in semi-crystalline, insoluble starch granules.  Amylopectin has the same chemical nature as 
glycogen, the soluble glucan storage polymer present in most non-plant species.  Glucose 
residues in both polymers are linked in “linear” chains by -(14) glycoside bonds, and 
these are joined by -(16) glycoside bonds referred to as “branch” linkages.  Amylopectin 
and glycogen differ in molecular architecture, however, with regard to branch frequency and 
the relative positions of the -(16) bonds.   Branch linkages of amylopectin are located in 
clusters relatively close to one another, compared to the longer interbranch distances of 
glycogen (Thompson, 2000).  Also the branch frequency is lower in amylopectin than 
glycogen.  These architectural features likely allow amylopectin crystallization and thus 
explain the different physical properties of starch and glycogen. 
The chemical structures of amylopectin and glycogen are produced by the same classes 
of enzyme, specifically a glucan synthase that transfers glucose residues to a growing linear 
chain from a nucleotide sugar donor, and a glucan branching enzyme that cleaves a linear 
chain at a glycoside bond and transfers one portion of it to a C6 hydroxyl.  A possible 
explanation for the different molecular architecture of amylopectin compared to glycogen is 
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that the plant enzymes inherently have distinct substrate specificities that determine their 
sites of action.  Amylopectin biosynthesis, however, likely requires coordination among these 
enzymes in addition to their individual substrate specificities.  In contrast to glycogen 
biosynthesis, which typically requires only one glycogen synthase and one branching 
enzyme, multiple classes of starch synthase (SS) and starch branching enzyme (BE) are 
present in starch-producing tissues.  Individual SSs and BEs are conserved to a large extent 
in the plant kingdom, and genetic analyses indicate that in many instances the functions of 
each class are non-redundant (Myers et al., 2000a; Nakamura, 2002; Ball and Morell, 2003; 
James et al., 2003; Zhang et al., 2004; Delvallé et al., 2005; Zhang et al., 2005; Fujita et al., 
2007).  Another distinguishing feature of amylopectin biosynthesis is that -(16) glucan 
hydrolase activity, i.e., starch debranching enzyme (DBE), is required for wild type starch 
levels and for normal amylopectin structure (Ball et al., 1996; Myers et al., 2000b; Ball and 
Morell, 2003).  No such function has been implicated in glycogen biosynthesis.  Little is 
known regarding how the activities of so many enzymes capable of covalently modifying 
glucan polymers are coordinated in order to achieve the crystallization-competent structure 
of amylopectin. 
Longstanding genetic evidence suggests that starch biosynthetic enzyme activities are 
coordinated, as opposed to acting independently through stochastic mechanisms.  A classical 
example is the maize gene dull1 (du1) that codes for SSIII (Gao et al., 1998).  The du1 gene 
was identified originally by mutant alleles that act as second-site genetic modifiers of a 
specific mutation of the gene sugary1 (su1) (Mangelsdorf, 1947), which codes for the DBE 
isoform ISA1 (James et al., 1995).  Neither the du1
-
 mutation nor the su1
-
 mutation have 
appreciable affects on kernel phenotype, however, when they are coupled in double 
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homozygous mutants there is a severe defect in starch biosynthesis that can be easily tracked 
genetically (Mangelsdorf, 1947).  The fact that the mutant phenotypes are not additive 
suggests that SSIII and ISA1 function via a concerted mechanism as opposed to catalysing 
independent steps in starch biosynthesis.  Genetic evidence also indicates that numerous 
starch biosynthetic enzymes depend on other components of the pathway for their activity.  
For example, mutation of SSIII affects the enzymatic activity of both BEIIa and SSI, in the 
former instance reducing activity and in the latter causing an increase in enzyme activity 
observed in cell extracts (Boyer and Preiss, 1981; Singletary et al., 1997; Cao et al., 1999). 
A hypothesis to explain these genetic interactions, as well as the organized architecture 
of amylopectin with regard to branch placement and frequency, is that the enzymes associate 
in one or more complexes.  Such an arrangement would afford the possibility of coordinate 
and possibly reciprocal regulation, and also might affect amylopectin architecture owing to 
spatial relationships between active sites.  Consistent with this hypothesis, stable complexes 
between enzymes of the starch biosynthetic pathway were demonstrated in wheat endosperm 
extracts by immunoprecipitation (Tetlow et al., 2004).  Specifically, BEIIb, BEI, and starch 
phosphorylase associated in a precipitable complex that requires serine phosphorylation for 
stability.  Further evidence from wheat endosperm is presented in the accompanying 
manuscript showing that trimeric complexes can be formed between SSI, SSII and either of 
BEIIa or BEIIb (Tetlow et al., 2008). 
The current study took a systematic approach to investigate the ability of SSs and BEs 
from developing maize endosperm to associate in multisubunit complexes.  Initial studies 
using in vivo protein-protein interaction tests revealed many interactions between distinct 
enzymes of the pathway that were sufficiently stable to reconstitute activity of the GAL4 
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reporter protein in yeast nuclei.  Biochemical analyses using immunoprecipitation and 
affinity purification methods demonstrated directly that multiple components of the pathway 
are capable of forming stable complexes.  Interactions were observed involving SSI, SSIIa, 
SSIII, BEI, BEIIa, and BEIIb.  In addition, many of these proteins co-migrate in high 
molecular weight peaks in gel permeation chromatography, centered at either 600 kDa or 
300 kDa.  These observations of specific associations in cell extracts support the hypothesis 
that starch biosynthetic enzymes are physically coordinated in vivo. 
 
Results 
In vivo Protein-Protein Interaction Tests 
Various maize endosperm starch biosynthetic enzymes were examined for their ability 
to form stable complexes using directed in vivo protein-protein interaction tests (Chien et al., 
1991).  Data are reported here for the starch synthase isoforms SSI and SSIII, and the starch 
branching enzyme isoforms BEI, BEIIa, and BEIIb.  With the exception of SSIII, the 
polypeptides tested were the full-length mature proteins lacking the plastid targeting 
sequence.  For SSIII, four fragments were tested, comprising residues 1-181, residues 1-367, 
residues 366-648, or residues 760-1438 of the full-length protein.  All of these segments of 
SSIII are located in the long N terminal extension, distinct from the catalytic structure 
formed by the C terminal portion of the polypeptide (Gao et al., 1998).  Each polypeptide 
was fused separately to both the activation domain and DNA binding domain of the S. 
cerevisiae transcriptional activator GAL4, referred to as GAL4-AD and GAL4-BD, 
respectively (Chien et al., 1991).  Empty vectors expressing GAL4-AD or GAL4-BD, but 
lacking any exogenous cDNA fusion, were utilized as negative controls.  Positive controls 
53 
were provided by fusions including the SV40 large T antigen or mouse p53, which in 
combination yield a very strong signal in this system (Li and Fields, 1993). 
Plasmids were co-transformed into yeast such that each protein pair was tested 
reciprocally with respect to which polypeptide was fused to GAL4-AD or GAL4-BD.  In 
addition each gene fusion plasmid was combined with the reciprocal negative control empty 
plasmid, and some were also tested with the SV40 and p53 positive controls.  Results from 
the test matrix are presented in Table 2.1, and sample data are shown in Fig. 2.1.  The yeast 
host strain PJ69-4A contains as reporter genes the ADE2 and HIS3 prototrophic markers, as 
well as the E. coli gene lacZ coding for -galactosidase, in engineered forms that require 
reconstituted GAL4 activity for expression (James et al., 1996).  All notations of positive 
signals in Table 2.1 indicate that the transformant grew on minimal medium lacking adenine, 
and also generated obvious blue coloration in the filter lift assay that indicates cleavage of 
the substrate Xgal by -galactosidase.  The ADE2 reporter is known to be particularly 
stringent as a genetic marker in this system. 
Table 2.2 lists the positive pair-wise interactions that were detected in the yeast system.  
Each of the maize peptide sequences tested was shown to be functional to regenerate GAL4 
activity in at least one instance, and none of them activated the reporter genes when 
combined with the reciprocal, empty AD or BD plasmid.  These results indicate the in vivo 
test detected specific protein-protein interactions.  One reciprocal set of positive interactions 
was observed, specifically BEIIa with SSIII
1-367
.  All of the other the positive interactions 
were unidirectional, i.e., they occurred only with the one of the two possible combinations of 
GAL4-AD and GAL4-BD fusions.  Self-binding was evident for BEIIa, SSIII
1-367
, and SSI.   
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Two separate regions of SSIII interact with full length SSI in the in vivo interaction test, 
specifically residues 1-367 and residues 760 to 1438 (Fig. 2.2.2).  The latter region, referred 
to as SSIIIHDX, comprises all of the evolutionarily conserved sequence specific to SSIII 
isoforms located in residues 769-1226 (Abel et al., 1996; Marshall et al., 1996; Gao et al., 
1998; Li et al., 2000; Li et al., 2003).  Similarly, the in vivo test indicated that BEIIa is 
capable of binding to two distinct spans of amino acids in the unique N-terminus of SSIII, 
specifically 1-181 and 366-648 (Fig. 2.2.2). 
Development of Antisera for Recognition of Maize Endosperm SSs and BEs 
Polyclonal antisera raised against recombinant protein or synthetic peptides were 
developed as reagents for recognition of BEI, BEIIa, BEIIb, SSI, SSIIa, or SSIII from maize 
endosperm.  Genetic tests to verify the specificity of each antiserum made use of mutations in 
the genes ae (Stinard et al., 1993), sbe2a (Blauth et al., 2001), sbe1 (Blauth et al., 2002), su2 
(Zhang et al., 2004), and du1 (Gao et al., 1998), which code for BEIIb, BEIIa, BEI, SSIIa, or 
SSIII, respectively. 
The serum designated BEIIa/b was raised using full length recombinant BEIIa as the 
antigen.  This serum detects two major protein bands in wild type endosperm soluble 
extracts, with apparent molecular mass of approximately 90 kDa or 75 kDa (Fig. 2.2.3A, 
center panel).  The protein generating the 90 kDa signal is absent from sbe2a
-
 mutant 
endosperm extracts (Fig. 2.2.3A, center panel), and its apparent molecular weight matches 
the value predicted from the known cDNA sequence and mature amino terminus of BEIIa 
(Gao et al., 1997).  Another antiserum, designated BEIIa, was raised using a BEIIa-specific 
synthetic peptide as the antigen.  This serum also recognizes the 90 kDa protein present in  
* *
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Figure 2.2.  SSIII gene diagram.  Numerals indicate the residue number of the SSIII full-length 
primary sequence.  The black box indicates the region that is homologous to prokaryotic 
glycogen synthases and other α (1→4) glucan synthases and thus contains the domains 
responsible for catalytic activity.  The grey box indicates SSIIIHD, a region of sequence 
conserved specifically in SSIII proteins in both monocots and dicots.  Arrows indicate the 
region of SSIII primary sequence that bound to full length SSI in yeast nuclei, and asterisks 
indicate the location of peptide sequences identified from a 60 kDa polypeptide purified on a 
SSI-affinity column (see Fig. 2.7).
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Figure 2.3.  Antibody specificity tested by immunoblot analysis.  Soluble endosperm 
extracts from maize lines of the indicated genotype were separated by SDS-PAGE and 
subjected to immunoblot analyses using the indicated antibodies at a dilutions of 1/1000 or 
1/2000.  Abbreviations for mutations are as follows: ae-, ae-1; ae°, ae-B; sbe1°, sbe1::Mu; 
2a°, sbe2a::Mu; su2°, su2-19791; du1°, du1-M3.  "WT" indicates wild type inbred maize line 
W64A.  "M" indicates lanes containing molecular weight standards.  A) Characterization of 
αBEI and αBEIIa/b.  B) Characterization of αBEIIa, αBEIIb, and αSSII. C) Characterization 
of αSSIIIHDP.  In panel C both lanes were loaded with 20 µg of amyloplast-enriched soluble 
protein fraction. 
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wild type endosperm but fails to generate this signal in the sbe2a
-
 mutant (Fig. 2.2.3B, upper 
right panel).  These data demonstrate conclusively that both BEIIa/b and BEIIa recognize 
BEIIa in immunoblots. 
Similar analyses demonstrated that BEIIa/b and the anti-peptide antiserum BEIIb 
both react with BEIIb, and also that the latter antiserum is specific for that particular 
branching enzyme.  A 75 kDa signal is detected by both antisera.  This signal is significantly 
reduced in analysis of an ae
-
 point mutant probed with BEIIa/b (Fig. 2.2.3A, center panel) 
and is missing in analysis of an ae
-
 null mutation probed with either BEIIb (Fig. 2.2.3B, 
upper left panel) or BEIIa/b (data not shown).  The BEIIb serum did not generate the 
90 kDa signal identified as BEIIa, indicating that it is isoform-specific (Fig. 2.2.3B, upper 
left panel).  The 75 kDa signal identified in the gels shown in Fig. 2.2.3 as BEIIb is less than 
the 85 kDa size predicted by the cDNA sequence coding for the mature protein (Fisher et al., 
1993).  In a different SDS-PAGE gel system, however, the protein recognized by BEIIb 
runs at an apparent molecular weight of 85 kDa (see Fig. 2.2.6A).  Thus, BEIIb appears to 
migrate anomalously in standard Laemmli conditions for SDS-PAGE. 
The anti-peptide sera BEI and BEIg both detect a protein of approximately 80 kDa 
in wild type endosperm extracts as well as in the BEIIa- and BEIIb-deficient mutants (Fig. 
2.2.3A, left panel, and data not shown).  The 80 kDa protein is absent in the sbe1
-
 mutant 
(Fig. 2.2.3A, left panel).  The sequence of the maize BEI cDNA predicts a protein of 
approximately 86 kDa after the plastid targeting peptide has been removed (Baba et al., 
1991), which is in general agreement with the observed mobility in SDS-PAGE.  These data 
demonstrate that antibodies in the BEI and BEIg sera bind specifically to BEI and do not 
cross-react with either BEIIa or BEIIb. 
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The anti-peptide serum SSIIa identified a protein with an apparent molecular weight 
of approximately 75 kDa that is absent from the su2
-
 null mutant (Fig. 2.2.3B, lower left 
panel).  The apparent molecular weight of the signal matches the predicted value for mature 
SSIIa based on the cDNA sequence coding for the mature protein (Harn et al., 1998).  These 
data indicate that SSIIa effectively identifies SSIIa. 
The anti-peptide serum SSIg recognized a protein with an apparent molecular weight 
of approximately 74 kDa, as did the serum SSI that was raised against recombinant SSI (see 
Fig. 2.2.5A and Fig. 2.2.6B).  This molecular weight is larger than the value predicted from 
the SSI cDNA, however, anomalous migration in SDS-PAGE is well documented for this 
particular protein (Mu et al., 1994; Knight et al., 1998).  SSI maize mutants are not available, 
so genetic analysis could not be used to verify the specificity of the SSI and SSIg antisera. 
Two different antibody preparations were used for analysis of SSIII.  The serum 
designated DU1N, raised against the amino terminal 648 residues of the full length SSIII 
protein, has been previously described (Cao et al., 1999).  In addition, an affinity purified 
IgG fraction, designated SSIIIHDP, was prepared in order to identify the central, conserved 
portion of SIII.  This region, referred to as the SSIII-homology domain (SSIIIHD), comprises 
residues 770-1226 in the maize protein (Gao et al., 1998).  SSIIIHD is entirely separate from 
the glucan synthase catalytic domain, but the sequence is highly conserved among SSIII 
homologs from dicots and monocots (Gao et al., 1998; Li et al., 2000).  The precise SSIIIHD 
region was expressed in E. coli, purified, coupled to a resin, and used as an affinity ligand to 
collect a fraction of the IgG molecules present in serum DU1F (Cao et al., 1999).  The 
DU1F serum was raised against full-length recombinant SSIII and thus is expected to 
contain antibodies that recognize epitopes within SSIIIHD.  In immunoblot analyses of 
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amyloplast extracts (Fig. 2.2.3C) or whole cell extracts (data not shown), SSIIIHDP 
recognized a sharp band migrating in SDS-PAGE above the 200 kDa molecular weight 
marker.  This signal was not detected in analysis of amyloplasts purified from a du1-M3 
mutant (Fig. 2.2.3C), which contains a Mutator transposon insertion within the first exon of 
the SSIII coding sequence (M.G.J., unpublished results), thus demonstrating that the antibody 
effectively and specifically recognizes SSIII.  The molecular weight predicted for full-length 
SSIII is approximately 180 kDa (Gao et al., 1998), which matches reasonably well, but not 
precisely, with the protein's observed mobility in SDS-PAGE.  Upon longer exposure the 
SSIIIHDP immunoblot reveals a series of bands smaller than full-length SSIII (Fig. 
2.2.3C), which presumably are generated by proteolysis of the intact protein. 
 
Gel Permeation Chromatography Behavior of Maize Endosperm BEs and SSs 
Gel permeation chromatography (GPC) was used to examine whether specific SSs and 
BEs fractionate in apparent high molecular weight complexes compared to the mass of the 
monomeric proteins.  The starting fraction for this column was soluble lysate from partially 
purified amyloplast fractions obtained from either of two inbred lines, Oh43 or W64A, 
harvested 16-17 days after pollination (DAP).  Column fractions were analyzed by 
immunoblot analyses using BEIIa/b, BEI, BEIIa, BEIIb, SSIIa, or SSIIIHDP as the 
probe.  In standard phosphate buffered saline buffer (PBS) (50 mM sodium phosphate buffer, 
pH 7.5, 150 mM NaCl) BEIIb appears in a broad distribution across the column elution.  
There is an obvious low molecular weight peak containing the majority of BEIIb (Fig. 2.2.4, 
row 1, fractions C10-C12).  Minor amounts of BEIIb are also detectable in high molecular 
weight fractions extending all the way to the 670 kDa marker, which is the permeability limit  
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Figure 2.4.  Fractionation of BEs and SSs by gel permeation chromatography (GPC).  Total 
amyloplast extracts (approximately 2 mg total protein, loading volume 0.5 mL) were applied 
to a Superdex 200 10/30 HR gel permeation column.  Fractions from the column elution were 
subjected to SDS-PAGE and then immunoblot analyses.  Labels on top of each column 
indicate the fraction, with earlier elution and larger molecular weights on the left.  The GPC 
elution positions of molecular weight markers (BioRad), as determined in independent 
column runs under identical conditions, are indicated by small vertical arrows.  Horizontal 
arrows indicate molecular weight marker positions for SDS-PAGE.  The antibody used for 
each immunoblot is indicated to the right of each panel, along with the maize inbred line 
used to prepare the amyloplasts, and the salt condition. 
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for this column matrix (Fig. 2.2.4, row 1).  Quantitatively different results were obtained 
when the GPC fractionation was performed in the presence of PBS containing 1 M NaCl 
instead of the standard concentration of 0.15 M NaCl (i.e., high salt conditions).  In this 
instance the abundance of BEIIb in the high molecular weight fractions increased 
significantly and exhibited a peak in fractions B4-B6 at the elution volume corresponding to 
approximately 600 kDa (Fig. 2.2.4, row 2).  Thus, high salt conditions appear to favor 
formation of a high molecular weight complex containing BEIIb. 
Like BEIIb, BEIIa was also observed in a high molecular form(s) that is stabilized by 
high salt conditions.  In standard PBS the isoform-specific antiserum BEIIa detected the 
great majority of BEIIa in a well-defined elution peak corresponding with its known 
molecular weight of approximately 90 kDa (Gao et al., 1997) (Fig. 2.4, row 3, fractions C7-
C11).  In addition, minor amounts of BEIIa were detected in fractions extending to C1, 
corresponding to a molecular mass of approximately 300 kDa (Fig. 2.4, row 3).  In contrast, 
when the lysate was fractionated in the presence of 1 M NaCl, the minor population of BEIIa 
extended to fraction B6 at the elution volume of the 670 kDa marker (Fig. 2.4, row 4).  
Appreciable branching enzyme activity in fractions containing the low molecular weight 
proteins detected by BIIa/b was indicated by biochemical assay (data not shown), providing 
further evidence for the assigned identities of these signals as BEIIa and BEIIb.   
The same analysis applied to SSIIa again revealed a high molecular weight fraction and 
a monomer fraction, in this instance with the great majority of the protein in the apparently 
larger form.  In standard PBS the high molecular weight peak is centered around fraction C1, 
corresponding to approximately 300 kDa, and this well defined peak tails off at fraction B3 
(Fig. 2.4, row 5).  This peak is also observed in high salt conditions, along with a second high 
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molecular weight peak of SSIIa centered around fraction B5 at the elution volume 
corresponding to approximately 600 kDa (Fig. 2.4, row 6).  Thus, BEIIa, BEIIb, and SSIIa all 
appear to share the property that high salt concentration favors their inclusion in a multimeric 
complex of approximately 600 kDa. 
Fractionation of SSIII on the GPC column was monitored using SSIIIHDP.  In 
standard PBS buffer SSIII eluted in a discrete, high molecular weight peak corresponding to 
approximately 600 kDa as judged by the elution position of the 670 kDa molecular weight 
marker (Fig. 2.4, row 7, fractions B3-B6).  Long exposures of these immunoblots reveal 
minor amounts of SSIII extending to fraction C2 (data not shown), corresponding to 
approximately 200 kDa and approximating the monomer molecular weight.  Essentially 
similar results were observed when the analysis was performed in 1 M NaCl (data not 
shown). 
The presence of BEI was also monitored throughout column elutions under both high 
and low salt GPC fractionation conditions.  In both instances, the only form of BEI detected 
was a low molecular weight form, indicative of the monomer (Fig. 2.4, row 8; data not 
shown).  Thus, under these GPC conditions BEI behaved differently than BEIIa, BEIIb, 
SSIIa, or SSIII in the regard that it was not detected in the high molecular weight fractions. 
In summary, the GPC data suggest the existence of at least two distinct high molecular 
complexes that contain multiple starch biosynthetic enzymes.  SSIIa fractionates in a well 
resolved peak of approximately 300 kDa (Fig. 2.4, rows 5-6), designated here as "C300".  
The same fractions also contain BEIIa and BEIIb (Fig. 2.4, rows 1-4).  A second apparent 
complex, referred to as "C600", is defined by migration of the SSIII protein in a peak at 
about 600 kDa (Fig. 2.4, row 7).  This same high molecular fraction peak also contains SSIIa, 
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BEIIa, and BEIIb Fig. 2.4, rows 2,4,6).  Formation of C600 appears to be favored by high 
salt conditions, represented here by 1 M NaCl.  Further proteomic analysis will be required to 
define the nature of the complex(es) located in the C300 or C600 chromatography peaks.  
The specific elution behaviors of BEIIa, BEIIb, SSIIa, and SSIII, however, suggest that each 
of these proteins may be present in the same multisubunit complex.  Whether or not SSI 
might also co-migrate with the other starch biosynthetic enzymes could not be determined 
because the available antibodies were not effective in these conditions (data not shown). 
 
Protein Interactions Detected Using Immobilized Recombinant Enzymes 
Interacting proteins from whole cell extracts 
Affinity purification with recombinant proteins immobilized on agarose beads was used 
as an additional method of detecting interactions among starch biosynthetic enzymes.  An 
advantage of this technique is that the high concentration of the ligand in the solid phase can 
favor formation of complexes between proteins with relatively low binding affinity.  The 
immobilized proteins, either BEIIa or SSI, were shown to be enzymatically active after 
binding to the matrix by biochemical assay (data not shown), indicating that natively folded 
protein is available for binding to potential partners in the cell extracts.  Whole-cell soluble 
extracts from maize kernels were first passed through a column containing bound BSA in 
order to minimize non-specific protein-protein binding interactions.  The extracts were then 
applied to the immobilized affinity ligands in low salt conditions, specifically 0.1 M KCl.  
The columns were washed in low salt buffer until no further protein elution could be 
detected, and bound proteins were then eluted from the matrix in a step gradient of increasing 
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salt concentration from 0.2 M to 1.0 M KCl.  The eluted proteins were concentrated, 
separated by SDS-PAGE, and characterized by immunoblot analyses. 
Recombinant BEIIa was immobilized to S-protein agarose by means of an S-tag 
sequence fused at the amino terminus, and this matrix was used to isolate proteins from 
whole cell extracts of developing maize kernels.  Immunoblot analysis using SSI revealed 
that the starch synthase bound to the BEIIa column and eluted in a specific peak in KCl 
concentrations of 0.2 M to 0.6 M (Fig. 2.5A).  This signal was not detected when the same 
analysis was applied using S-agarose beads without any maize protein attached (data not 
shown). 
The reciprocal experiment was performed in which recombinant maize SSI was 
immobilized on S-protein agarose.  Immunoblot analysis using BEIIa/b revealed two 
proteins that bind to the SSI matrix and migrate in SDS-PAGE at the apparent molecular 
weights known to correspond to BEIIa and BEIIb (Fig. 2.5B).  Again the bound protein 
eluted in a specific peak of salt concentration from 0.2 M to 0.6 M KCl.  Thus, in both 
orientations in this affinity purification procedure BEIIa and SSI were found to associate.  In 
addition an association between BEIIb and SSI was observed using the SSI affinity matrix. 
Interacting proteins from amyloplast extracts 
Affinity purification with recombinant SSI or BEIIa as the immobilized ligand was also 
performed using maize amyloplast extracts.  In these analyses, after application of the extract 
to the column the beads were washed extensively in 0.15 M KCl to remove non-specific 
interactions then boiled in SDS-PAGE loading buffer.  Thus, all proteins attached to the 
affinity matrix were released in a single step, as opposed to the salt gradient elution 
employed for the whole kernel extracts.  S-protein agarose beads without any bound  
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Figure 2.5.  Affinity chromatography using whole kernel extracts.  Bound proteins were eluted 
in a step gradient of increasing KCl concentration, concentrated, and subjected to SDS-PAGE 
and immunoblot analysis with the indicated antisera.  A) Affinity chromatography with 
immobilized BEIIa.  B) Affinity chromatography with immobilized SSI.  The open triangles 
indicates BEIIa and the closed triangle indicates BEIIb.  Lane designations are the same for 
both panels.  Lane M, molecular weight makers.  Lane 1, total kernel extract prior to application 
to the column.  Lane 2, second low salt wash of the column after loading with proteins from the 
maize extracts.  Lane 3, fourth low salt wash of the column.  Lane 4, 0.2 M KCl elution.  Lane 
5, 0.4 M KCl elution.  Lane 6, 0.6 M KCl elution.  Lane 7, 0.8 M KCl elution.  Lane 8, 1.0 M 
KCl elution.
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recombinant protein were used as the negative control.  The bound proteins were separated 
by SDS-PAGE and analyzed by immunoblot analyses using antisera that recognize SSI, 
SSIIa, BEIIb, BEIIa, or BEI. 
Analysis of the proteins collected on the SSI affinity column verified the results 
obtained using whole cell extracts with regard to purification of BEIIb (Fig. 2.6A) and BEIIa 
(data not shown).  In addition, a signal for SSIIa was detected in the bound fraction by 
SSIIa serum (Fig. 2.6A).  The BEIIa affinity column retained both SSI and SSIIa (Fig. 
2.6B), but no signal was observed in the eluate using BEIIb as the immunoblot probe (data 
not shown).  The affinity data taken together indicate the existence in these cell extracts of 
stable multisubunit complexes comprising SSI/SSIIa/BEIIa and SSI/SSIIa/BEIIb. 
Identification of affinity purified proteins by mass spectrometry 
Mass spectrometry determination of amino acid sequences from affinity-purified 
proteins was used as a complement to immunological identification.  In these experiments 
amyloplast extracts were applied directly to S-agarose columns bearing SSI or BEIIa as the 
affinity ligand.  Samples were applied in buffer containing 0.15 M NaCl and the columns 
were washed extensively in the same buffer.  Bound proteins were eluted with a step gradient 
of increasing KCl concentration, and the fractions from 0.6 M to 1.0 M from each column 
were pooled, desalted and concentrated.  These proteins were then separated by SDS-PAGE 
and visualized by staining with Sypro Ruby. 
The SSI affinity matrix bound two major protein bands, one migrating at an apparent 
molecular weight of approximately 70 kDa and the other at approximately 60 kDa (Fig. 2.7).  
Each band was excised from the agarose gel, digested with trypsin, and analyzed by 
electrospray tandem mass spectrometry.  Two peptide sequences present in the 70 kDa band  
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Figure 2.6.  Affinity chromatography using amyloplast extracts.  Amyloplast extracts in low 
salt buffer were incubated with S-protein agarose attached to the indicated recombinant maize 
proteins or S-protein agarose without any recombinant protein attached (indicated by "-").  After 
washing the beads were boiled in SDS-PAGE sample buffer.  Bound proteins were subjected to 
SDS PAGE and immunoblot analyses using the indicated antisera.  These SDS-PAGE gels were 
4-12% acrylamide run using the NuPAGE buffer system.  A) SSI affinity column.  B) BEIIa 
affinity column.  "B2a" indicates BEIIa.
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Figure 2.1.  In vivo protein-protein interaction between SSIIIHDX and SSI.  The indicated 
combinations of gene fusions containing either the GAL4 transcriptional activation domain 
(AD) or the GAL4 DNA binding domain (BD) were co-transformed into yeast reporter strain 
PJ69 4A.  Single-colony purified transformants were patched on -Ade selective media to test 
for activation of the ADE2 reporter gene, or on minimal selective minimum for filter lifts and 
β-galactoside assays after cell permeabilization to test for activation of the lacZ reporter gene.  
p53 and SV40 large T antigen (LTA) are well documented positive controls for this system.  
"SSIII" in all instances represents the fragment SSIIIHDX comprising residues 760-1438,  The 
symbol "-" indicates transformation with the empty GAL-AD or GAL4-BD cloning vectors.
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Figure 2.7.  Mass spectrometry identification of affinity purified proteins.  Amyloplast proteins 
were fractionated by affinity chromatography using S-protein agarose coupled to either SSI 
or BEIIa as the matrix.  A) Sypro Ruby stain.  Lanes M contain molecular weight markers 
and lanes E contain proteins present in the pooled fraction from the indicated affinity column.  
Peptide sequences identified by mass spectrometry in specific eluted bands are indicated.  
Numbers in parentheses indicate the positions of those peptide fragments in the full length 
protein.  Genbank accession numbers to reference the positions of each peptide are specified in 
the text.  B) Diagram of the full length maize SSIII amino acid sequence (Genbank accession 
no. AAC14014).  Asterisks indicate the locations of the two peptides identified in the eluate 
of the SSI affinity column.  Amino acids 1226-1674 comprise the glycosyl transferase domain 
conserved in known starch synthases and glycogen synthases (Gao et al., 1998).  Residues 769 
to 1225 comprise a region referred to as the SSIII-homology domain (SSIIIHD) based on its 
significant conservation specifically in starch synthases of the SSIII class (Gao et al., 1998).  
The arrow indicates the region utilized in in vivo protein-protein interaction tests, referred to as 
SSIIIHDX.
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matched precisely to sequences within maize BEIIa (Genbank accession no. AAB67316).  
Thus, BEIIa was again observed to bind to the SSI affinity column, in this instance eluting at 
a salt concentration that overlaps one in which it was identified immunologically.  One of 
these two peptides is also identical in sequence to a segment of BEIIb (Genbank accession 
no. AAC33764), raising the possibility that BEIIb may also be present in this 70 kDa band. 
The 60 kDa band from the SSI affinity column yielded two peptides that match 
precisely to sequences within maize SSIII (Genbank accession no. AAC14014).  These data 
indicate that SSIII either binds directly to SSI or is part of a complex that contains SSI.  The 
two peptides observed are located within the SSIIIHD portion of this class of starch synthase 
(Fig. 2.2).  The location of the two peptides, approximately 50 kDa apart in primary 
sequence, considered together with the 60 kDa molecular weight of the SSIII fragment 
retained on the SSI-affinity column, indicates that the purified fragment comprises most or 
all of the SSIIIHD region and little else from the SSIII primary sequence. 
The BEIIa column purified four visible protein bands that migrated at apparent 
molecular weight between approximately 70 kDa and 80 kDa.  These four bands were 
excised as a single group and analyzed by mass spectrometry.  Among these proteins one 
peptide sequence was identified that matches precisely to a sequence within maize SSI 
(Genbank accession no. AAB99957) (Fig. 2.7).  Although a single peptide is not sufficient by 
itself to conclude that the protein is present, taken together with the immunological 
identifications these data provide strong evidence that SSI is bound onto the BEIIa affinity 
matrix.  The identities of the other three proteins bound to BEIIa could not be determined by 
the mass spectrometry analysis, probably owing to the low level of material present. 
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Further Analysis of SSIIIHD 
The SSIII and BEIIa polypeptides purified on the SSI affinity column and identified by 
mass spectrometry reproducibly migrated in SDS-PAGE at apparent molecular weights less 
than that of the full-length protein.  This is especially obvious for SSIII because the purified 
polypeptide had an apparent molecular mass of 60 kDa, whereas the full-length protein is 
approximately 180 kDa.  To test the authenticity of the SSI-SSIII interaction, immunoblot 
analysis was used to examine whether the 60 kDa SSIIIHD fragment exists in the cell extract 
starting material applied to the SSI-affinity column.  Use of the SSIIIHDP IgG fraction 
allowed identification of intact SSIII or any subfragments that contain SSIIIHD.  In addition 
to apparent full-length SSIII, a 60 kDa signal was clearly observed in total amyloplast 
extracts (Fig. 2.3C) and total endosperm cell extracts (data not shown).  Thus, the fragment 
identified by peptide sequence is readily available in cell extracts. 
In GPC analysis the 60 kDa SSIIIHD fragment was detected exclusively in the high 
molecular weight fraction C600 that also contains full length SSIII, and none was observed 
in the fractions containing the SSIII monomeric form (Fig. 2.4, row 7).  The 60 kDa 
fragment, therefore, is associated with a high molecular weight complex.  At this point it is 
not possible to distinguish whether some portion of SSIII is fragmented in the C600 complex 
in vivo, or if limited proteolysis occurs after cell lysis.  Protease inhibitor cocktail was 
included in all extraction buffers so as to minimize post-lysis degradation, however, whether 
or not the inhibition was completely effective cannot be known. 
Further validation of the interaction between SSIIIHD and SSI is provided by the 
results of the in vivo protein-protein interaction tests.  As described previously, a fragment 
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made up for the most part of the complete SSIIIHD sequence tested strongly positive for 
interaction with SSI in the two-hybrid test (Fig. 2.1, Table 2.1). 
Co-Immunoprecipitation of Multiple Starch Synthases and Starch Branching Enzymes 
Immunoprecipitation from kernel extracts 
Co-immunoprecipitation was used as another approach to analyze potential binding 
partners of maize BEIIa, BEIIb, SSI, SSIIa, and SSIII.  Protein-A sepharose beads pre-
incubated with BEIIa/b serum effectively precipitated BEIIa from whole kernel extracts 
(Fig. 2.8A).  Little if any BEIIb was found in these eluted fractions.  Thus, BEIIa/b appears 
to be more effective at precipitating BEIIa than BEIIb, even though in immunoblot analysis 
the antiserum recognizes both proteins in total extracts (Fig. 2.3, Fig. 2.8A).  The same 
procedure using pre-immune serum did not result in any detectable BEIIa or BEIIb in the 
precipitate (Fig. 2.8A).  Thus, binding of any co-precipitating proteins to the immunoaffinity 
matrix depends on the presence of antibodies that recognize BEIIa.  Probing the precipitate 
fractions with SSI antiserum revealed an immunoblot signal of the size expected for the SSI 
protein (Fig. 2.8A).  The pre-immune serum did not precipitate SSI (Fig. 2.8A), again 
demonstrating that the apparent co-precipitation depends on antibodies that bind BEIIa. 
In reciprocal experiments SSI was bound to protein A-sepharose beads.  As expected, 
SSI was detected when the resultant precipitated proteins were probed with SSI (Fig. 2.8B).  
Probing the precipitate with BEIIa/b revealed a signal of the expected molecular weight for 
BEIIa and also a signal that corresponded to the expected mobility of BEIIb (Fig. 2.8B).  
Thus, both BEIIa and BEIIb co-precipitate with SSI.  The pre-immune serum controls  
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Figure 2.8.  Co-immunoprecipitation of starch biosynthetic enzymes.  A) Precipitation from 
total kernel soluble extracts using αBEIIa/b serum.  The supernatant after 
immunoprecipitation and the eluted proteins were fractionated by SDS-PAGE and 
characterized by immunoblot analysis using the indicated antiserum.  Lanes S indicate the 
supernatant and Lanes P indicate the precipitated proteins.  B) Precipitation from total kernel 
soluble extracts using starch synthase-specific antibodies.  Details are as in panel A.  C) 
Precipitation from amyloplast extracts using αSSIg.  After extensive washing, the 
immunoprecipitated beads were boiled in SDS PAGE loading buffer and bound proteins 
were separated by 10% SDS-PAGE, transblotted and immunodetected using the antisera 
indicated.  These SDS-PAGE gels included 10% acrylamide.  D) Precipitation from 
amyloplast extracts using αSSIIa (αS2).  Details are as in panel C.  The symbol "-" indicates 
mock precipitation without any serum exposed to the protein-A sepharose. 
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(Fig. 2.8A) indicate that the apparent co-precipitation of BEIIa and BEIIb depends on the 
presence of SSI. 
The same approach was used to identify binding partners for SSIII.  An antiserum 
termed αDU1N, which was raised against residues 1-648 of SSIII (Cao et al., 1999), was pre-
incubated with protein A-sepharose.  Those beads were then incubated with kernel extract, 
and the eluate was probed for the presence of BEIIa, BEIIb, and SSI.  The results showed 
that SSI was precipitated by the αDU1N antiserum (Fig. 2.8B).  No signal was detected for 
BEIIa or BEIIb in the αDU1N precipitate using αBEIIa/b as the immunoblot probe (data not 
shown).  This last result is contrast to the interactions between SSIII and the BEs observed by 
the in vivo interaction test, which might be explained by the capabilities of the particular 
antiserum used for immunoprecipitation. 
Immunoprecipitation from amyloplast extracts 
Immunoprecipitation was also performed using amyloplast extract as the starting 
material, with either αSSIg or αSSIIa as the precipitating serum.  In these instances the 
precipitates were boiled in SDS-PAGE sample buffer to release the precipitating antibodies 
and any bound proteins.  The proteins were then separated by SDS-PAGE and analyzed by 
immunoblotting with various antisera.  As expected, immunoprecipitation with αSSIg 
effectively collected SSI from the amyloplast extracts (Fig. 2.8C).  BEIIa and BEIIb were 
observed in the SSI co-immunoprecipitate (Fig. 2.8C), as had been seen using whole cell 
extracts (Fig. 2.8B).  In addition, SSIIa and BEI were detected in the SSI co-
immunoprecipitate by immunoblot analyses using αSSIIa or αBEIg serum (Fig. 2.8C).  
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Control precipitations using protein-A sepharose without any bound antibodies did not yield 
any signals in the immunoblot analysis (data not shown). 
Co-immunoprecipitation using αSSIIa as the precipitating agent was also performed.  
As expected the αSSIIa serum effectively precipitated SSIIa (data not shown).  In addition, 
SSI and BEIIb were also detected as co-precipitated proteins in the immunoblot analysis 
(Fig. 2.8D). 
 
Discussion 
Multi-subunit Complexes Containing Starch Biosynthetic Enzymes 
The results of this study indicate that many of the starch biosynthetic enzymes in maize 
endosperm are capable of associating with each other, either directly or indirectly, in multi-
subunit complexes.  The pairs of proteins that were observed by at least one analytical 
method to be present in the same complex are SSI/SSIIa, SSI/SSIII, SSI/BEI, SSI/BEIIa, 
SSI/BEIIb, SSIIa/BEIIa, SSIIa/BEIIb, and SSIII/BEIIa.  Three different methods were 
employed to test these interactions, and many of the pairs were detected in multiple analyses 
(Table 2.3).  The most frequently observed association was SSI with BEIIa, which was 
detected in both test orientations by immunoprecipitation and affinity purification, and in one 
orientation of the in vivo protein-protein interaction test.  The association between SSI and 
SSIII was also observed by all three methods.  Evidence for the SSI/SSIIa and SSI/BEIIb-
containing complexes was obtained from both immunoprecipitation and affinity purification.  
The remaining associations were detected only by one analytical method, and further work is 
in progress to gather additional support that these proteins are in fact components of multi-
subunit complexes.  In addition to the pairwise association data, GPC analyses directly 
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demonstrated that some population of the SSIIa, SSIII, BEIIa, and BEIIb proteins assemble 
into one or more high molecular weight complexes.  Taken together, this body of evidence 
demonstrates definitively that maize endosperm SSs and BEs are capable of forming stable 
multi-subunit complexes. 
A companion analysis addressing protein-protein interactions in wheat amyloplasts 
demonstrated that starch biosynthetic enzymes from that species are also capable of forming 
multi-subunit complexes (Tetlow et al., 2008).  Complexes were detected that contained SSI, 
SSIIa, and either BEIIa or BEIIb.  Thus, the ability of SSs and BEs to associate with each 
other is likely to be a conserved feature in endosperm cells and potentially in other starch 
producing tissues. 
The GPC analyses shown in this study suggest the existence of at least two distinct high 
molecular weight complexes.  SSIIa, BEIIa, and BEIIb all migrate in GPC in the same high 
molecular weight fractions of approximately 300 kDa, in the C300 peak (Fig. 2.4).  The 
presence of SSI in C300 could not be examined in this study for technical reasons, although 
given the pairwise association data there is a strong possibility that SSI will also be found in 
the same fractions.  SSIII is not present in C300, instead appearing only at a higher molecular 
weight in the C600 peak (Fig. 2.4).  Further purification and direct protein characterization 
will be required in order to define the nature of each complex, including whether one or more 
particular species are present in each of the C300 and C600 peaks.  The data are consistent 
with the possibility that some combination(s) of SSIIa, SSI, BEIIa, and BEIIb associate to 
form C300, and this complex is joined by SSIII to form C600.  In wheat endosperm a 
260 kDa heteromeric complex has been observed in cross-linking studies between SSI, SSII 
and either of BEIIa or BEIIb (Tetlow et al., 2008), in agreement with the elution profile 
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described here for C300.  Also of note is the fact that the relative distribution of each enzyme 
between its monomer form and high molecular weight form(s) varies.  SSIII and SSIIa, for 
example, are predominantly found in a high molecular weight form as compared to the 
monomer (Fig. 2.4, rows 5-7).  To the contrary, the great majority of BEIIa is present as a 
monomer (Fig. 2.4, row 3).  BEIIb is apparently broadly distributed among different 
quaternary forms (Fig. 2.4, rows 1-2), and BEI is exclusively present as a monomer under 
these conditions. 
Hydrophobic forces are likely to be important for association between components of 
the apparent complexes.  Both the C600 and C300 complexes are stable in a chemical 
environment that energetically favors hydrophobic interactions (i.e., 1 M NaCl), and 
furthermore these conditions shift the distribution of BEIIa, BEIIb, and SSIIa towards C600 
(Fig. 2.4, rows 2, 4, 6).  This observation does not obviously correspond with the fact that 
increasing salt concentration was used to break interactions and thus elute proteins from 
affinity columns.  A potential explanation for the apparent anomaly is that both ionic 
interactions and hydrophobic effects are involved in associations within the complexes.  The 
quaternary structures detected by GPC are pre-formed in the cell extracts, whereas new 
complexes with the column-bound ligand must form during affinity purification.  Thus, 
different associations may be detected by the two methods, and ionic bonds and hydrophobic 
effects may vary in significance in each instance. 
Hydrophobic interactions in quaternary structure might also be unexpected for proteins 
well known to function independently as enzymes, which is the case for all of the proteins 
examined in this study.  Surface hydrophobicity interactions are known for enzymes with the 
same structural fold as the BEs, specifically the broadly conserved α-(1→4) glucan 
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hydrolase family of α-amylases.  These enzymes catalyze the same reaction as the BEs, with 
the distinction that in the latter instance the cleaved glucan chain is transferred to a C6 
hydroxyl group whereas the α -amylases utilize a free hydroxyl.  Association of the glucan 
chain substrate with α -amylases is mediated in part by hydrophobic interactions on the 
surface of the enzyme, at non-catalytic sites (Bozonnet et al., 2007, and references therein).  
Structural interactions of the same type might be involved in assembly of the BEs, and by 
extension the SSs, into the complexes present in the C300 and C600 fractions. 
BEI stands out from the other five enzymes tested by its appearance exclusively as a 
monomer in the GPC analysis.  One physical interaction involving BEI was detected, 
specifically its co-immunoprecipitation with SSI (Fig. 2.8C).  Again, different assembly 
states may be observed by immunoprecipitation and GPC.  In analyses of wheat amyloplast 
proteins, BEI was detected as a component of a high molecular weight complex also 
containing starch phosphorylase and BEIIb (Tetlow et al., 2004).  Further experimental 
analyses will be required to resolve the protein binding capabilities of BEI in maize. 
Specificity of Interaction 
The observed specificity of interactions between the SSs and BEs rules out the trivial 
explanation that the proteins may simply stick to each other in cell extracts through random 
or glucan-mediated association.  In particular, the data reveal interactions between SSI and 
both BEIIa and BEIIb, however, no direct association between the two BEs was detected in 
the immunoprecipitation or affinity purification analyses.  Thus, BEIIa and BEIIb from the 
cell extracts are both competent to join complexes, but they do not do so with each other.  
Furthermore, a structurally and functionally similar enzyme, BEI, was not observed to be 
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present in any of the complexes demonstrated by GPC (Fig. 2.4, row 8).  This degree of 
specificity argues against a general adhesion among the proteins as the explanation for the 
observed associations.  This certainly applies for all of the complexes observed with BEIIa or 
BEIIb, and by extension is likely the case for the SSs as well. 
Further evidence for specificity in starch biosynthetic enzyme associations is provided 
from the analysis of wheat endosperm presented in the accompanying paper (Tetlow et al., 
2008).  Associations between SSI, SSIIa, and BEIIa or BEIIb were observed in tissue 
harvested at mid-developmental stages, but not at earlier stages even though the enzymes are 
present and glucan synthesis is proceeding.  Thus, some aspect of cell physiology affects 
whether or not the complexes can form, indicative of in vivo functions.  Observation of 
complex formation in yeast nuclei, in particular between SSI and BEIIa or SSI and SSIII, 
also supports direct interactions between the binding partners because in this instance there 
are no other maize factors present.  Finally, pre-treatment of the wheat amyloplast extracts 
with amyloglucosidase to remove glucan polymers had no effect on the observed 
immunoprecipitations (Tetlow et al., 2008), contrary to what would be predicted if the SS 
and BE enzymes were associated non-specifically through a common polymeric substrate. 
Potential Functions 
The long amino terminal extension of SSIII beyond the catalytic domain could serve as 
a scaffolding protein that brings together multiple components of the starch biosynthetic 
pathway.  Part of this region is highly conserved among the chlorophytes (Ral et al., 2004, 
and references therein), specifically the region referred to as SSIIIHD, and all known plant 
SSIII isoforms contain a further extension towards the amino terminus beyond this central 
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conserved region (Fig. 2.2).  The data presented here indicate that the amino terminal domain 
specific to maize endosperm SSIII, as well as the central SSIIIHD region, each bind to 
different components of the starch biosynthetic pathway (Fig. 2.2).  Specifically, in vivo 
protein-protein interaction test data indicate that the amino terminal portion of SSIII in the 
first 181 residues can bind to BEIIa, whereas the SSIIIHD domain contained within residues 
760-1438 binds to SSI (Table 2.1; Fig. 2.1).  There may be two distinct BEIIa-binding 
domains, because residues 366-648 of SSIII also binds to BEIIa in yeast nuclei.  Likewise, 
there may be two domains of SSIII that bind to SSI, because in addition to the SSI-SSIIIHD 
interaction, the amino terminal fragment from residues 1-367 also interacts with SSI in yeast 
(Fig. 2.2).  Whether these multiple binding interactions of SSIII are physiologically 
significant remains to be determined, however, further analyses to investigate functions of 
the long, conserved amino terminal extension of the SSIII class of enzymes are warranted. 
Suggested potential functions for the complexes include substrate channelling, and/or 
affects on the crystallization of the linear chains of amylopectin to form crystalline laemellae.  
An intriguing consideration about starch biosynthesis is that the products of SSs are the 
substrates of BEs, and the products of BEs are the substrates of SSs.  Thus, as opposed to 
random stochastic interactions between enzyme and substrate, biosynthesis of starch may 
occur with the growing polymer interacting simultaneously or near simultaneously with 
multiple biosynthetic enzymes.  This consideration is complicated further by the presence of 
multiple classes of each enzyme, many of which are required for specific structural aspects of 
amylopectin.  For example, mutations of SSI, SSII, or SSIII all cause specific and non-
overlapping structural defects in amylopectin (Zhang et al., 2004; Delvallé et al., 2005; 
Zhang et al., 2005; Fujita et al., 2007).  Association of the enzymes in complexes could 
84 
provide an environment for ordered construction of the glucan polymer destined to crystallize 
and form starch granules.  One possibility is that the space for crystallization is restricted by 
the presence of the enzymes in complexes.  A second potential function is that organization 
of the enzymes in complexes could have direct effects on substrate binding and thus specific 
architectural consequences on amylopectin structure.  For example, the position of a branch 
point might be determined by the spatial locations of an SS and BE active site relative to 
each other.  These two proposed in vivo functions are not mutually exclusive. 
Genetic data indicating regulatory interactions between SSs and BEs provides strong 
evidence to support the hypothesis that starch biosynthetic enzyme complexes are 
physiologically significant.  For example, mutations in SSIII are known to result in increased 
SSI activity (Singletary et al., 1997; Cao et al., 1999), and SSI and SSIII are shown here to be 
capable of associating in a multi-subunit complex.  The simplest explanation for the 
combined genetic and biochemical observations is that the two proteins function together in 
vivo in a complex, and that this association confers a negative regulatory effect on SSI in 
wild type kernels.  These genetic indications of in vivo function are indirect, however, and 
numerous further experiments will be required to test for physiological significance of the 
observed complexes.  Both in vivo crosslinking and in vivo BRET/FRET analyses can 
determine whether specific starch biosynthetic enzymes are located, in cells, within atomic 
distances of each other.  Purification of the complexes present in the C300 and C600 peaks to 
homogeneity will be required to define the interactions.  Effects of specific interactions on 
both SS and BE enzymatic activity can also be examined after purification.  Further 
purification could also allow biophysical characterization to examine hydrophobicity effects 
on complex formation.  Eventually, genetic modifications that prevent specific quaternary 
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associations could be useful to further investigate potential physiological functions of any in 
vivo complex. 
 
Materials and Methods 
Plant Materials 
Maize plants were field grown in the summer at Iowa State University and at Guelph 
University.  Kernels from self-pollinated ears were collected at specified days after 
pollination, quickly frozen in liquid nitrogen, and stored at -80°C until use.  Kernels of the 
maize inbred lines W64A and Oh43 were used to prepare endosperm whole cell soluble 
extracts or amyloplast extracts.  All mutant alleles were backcrossed into the W64A inbred 
line.  The following mutant alleles were utilized: ae1 (Maize Genetic Stock Center no. 
517B), an uncharacterized mutation in the gene coding for BEIIb; su2-19791, an 
uncharacterized spontaneous mutation known to condition lack of SSII protein (Zhang et al., 
2004); sbe1::Mu, a Mutator transposon insertion in the gene coding for BEI (Blauth et al., 
2002); sbe2a::Mu, a Mutator transposon insertion in the gene coding for BEIIa (Blauth et al., 
2001); ae-B, a 882 bp deletion in the gene coding for BEIIb that removes all of exon 9 
(Genbank accession no. AF072725) (Fisher et al., 1996) (Marna Yandeau-Nelson and Mark 
Guiltinan, personal communication); du1-M3, a Mutator insertion in the first exon of the 
gene coding for SSIII (M.G.J., unpublished results). 
Recombinant Plasmids 
Plasmids used to express hybrid proteins containing either the DNA binding domain or 
the transcriptional activation domain of S. cerevisiae GAL4, respectively, were constructed 
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from the vectors pGAD-C or pGBD-C (James et al., 1996).  In all instances the GAL4 
fragment was located at the amino terminus of the fusion protein.  The maize portion of the 
fusion gene in plasmid pBEIIb-AD or pBEIIb-BD started at codon 62 of the full length 
BEIIb open reading frame, and terminated at the native stop codon at position 801.  The 
source of the BEIIb cDNA sequence was plasmid pET23d-MBEII (Guan et al., 1994).  The 
maize portion of the fusion gene in plasmids pBEIIa-AD or pBEIIa-BD began at the codon 
known to correspond to the mature amino terminus of BEIIa protein as it exists in maize 
 roteomics  (Gao et al., 1997), and extended to the native termination codon following 
residue 794 of the mature protein.  The source of the BEIIa cDNA sequence was a plasmid 
provided by Dr. M. Guiltinan (Pennsylvania State University).  The maize portion of the 
fusion gene in plasmid pSSI-AD and pSSI-BD started at codon 40 of the full length SSI open 
reading frame and extended to the native stop codon at position 584.  Four different portions 
of the amino terminus of SSIII were tested, and these amino acid spans are specified in the 
Results section.  The source of the SSIII cDNA sequence was plasmid pMG10-6 (Gao et al., 
1998).  Positive controls for the in vivo protein interaction assay were residues 84 to 708 of 
the SV40 large T antigen fused to the Gal4p transcriptional activation domain, and residues 
72 to 390 of murine p53 fused to the Gal4p DNA binding domain (Li and Fields, 1993).  The 
vectors used to express the positive control proteins were pAD-GAL4-2.1 for the T antigen 
fragment and pBD-GAL4 for the p53 fragment (Stratagene). 
Plasmid pHC16 was used for recombinant expression of maize BEIIa in E. coli.  
pHC16 was built in the expression vector pET-29a(+) (Novagen) and contains the complete 
coding sequence of mature BEIIa, specifically amino acids 21 to 847 as specified by the 
available cDNA sequence (GenBank accession #U65948).  Amino acid 21 is known to be the 
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mature amino acid terminus of BEIIa after cleavage of the targeting peptide during the 
import into the plastid (Fisher et al., 1993).  The BEIIa coding region is fused at the N-
terminus to the 15-amino acid S-tag coding sequence, and the gene fusion is expressed from 
the bacteriophage T7 promoter. 
Plasmid pHC18 was used for recombinant expression of maize SSI in E. coli.  Also 
built in pET 29a(+), this plasmid contains the complete coding sequence of mature SSI, 
specifically amino acids 39 to 670 according to the full-length cDNA sequence (GenBank 
accession no. AAB99957).  Amino acid 39 was directly identified as the mature N terminus 
by amino acid sequence of the purified protein (Knight et al., 1998).  The recombinant SSI 
protein is fused to the S-tag sequence at its amino terminus. 
Plasmid pTB-3829 was used to express SSIII residues 770-1225 fused to glutathione-S-
transferase at the amino terminus.  A fragment of the SSIII cDNA sequence was produced by 
PCR from plasmid pMG10-6 (Gao et al., 1998).  The downstream oligonucleotide primer 
included a stop codon following SSIII codon 1225, and the upstream primer included a six 
amino acid coding sequence providing a thrombin cleavage site immediately upstream of 
SSIII codon 770.  The primers also contained the sequences required for in vitro 
recombination into plasmid vector pDONR221, using BP clonase of the Gateway cloning 
system (Invitrogen).  This recombination generated the plasmid pTB-3828, which was 
confirmed by restriction mapping and determining the DNA sequence of the complete SSIII 
coding region as well as parts of the vector.  In the second step, a segment of pTB-3828 was 
inserted into pDEST15 (Invitrogen) using the LR clonase of the Gateway system to produce 
the plasmid pTB-3829.  The relevant expression construct within pTB-3829 contains the 
following elements: 1) the phage T7 promoter, inducible with IPTG, 2) a ribosome binding 
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site sequence and a start codon, 3) a coding region for 223 amino acids of Schistosoma 
japonicum glutathione-S-transferase (GST), 4) a linker sequence from the acceptor plasmid, 
5) codons specifying the designed thrombin cleavage site, 6) SSIII codons 770-1225, 7) a 
stop codon, and 8) a transcriptional termination sequence. 
In vivo Protein-Protein Interaction Tests 
Standard methods and growth media were used for transformation and culturing of S. 
cerevisiae (Ausubel et al., 1989).  The S. cerevisiae strain PJ69-4A was used as the reporter 
for in vivo protein-protein interactions (Ball et al., 1996).  The genotype of PJ69-4A is MATa 
ura3 his3 leu2 trp1 ade2 gal4 gal80 GAL2-ADE2 met2::GAL7-lacZ.  Pairs of recombinant 
plasmids built in either the pGAD-C or pGBD-C vectors (James et al., 1996) were co-
transformed into PJ69-4A.  Multiple independent transformants were selected that contained 
both the LEU2 and TRP1 markers of the two plasmids, respectively, and these clones were 
single colony purified.  Cells were maintained on selective minimal medium lacking leucine 
and tryptophan, and then spread very lightly onto selective minimal test medium lacking 
adenine, leucine, and tryptophan.  Growth of the colonies on the -Ade medium indicated the 
two proteins being tested interact in the yeast nucleus to regenerate a GAL4 activity.  
Qualitative assay of β-galactosidase activity in permeablized yeast colonies on filter lifts was 
as described (Ausubel et al., 1989). 
Recombinant Protein Expression and Purification 
Recombinant BEIIa and SSI were expressed in E. coli and purified as follows.  Host 
strain BL21DE3 transformed with expression plasmid pHC16 or pHC18 was grown in LB 
medium containing 30 µg/mL kanamycin to mid log phase in 400 mL cultures in 2 L flasks.  
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Expression was induced by addition of 1 mM IPTG and cultures were shaken at room 
temperature for an additional 16-20 h.  Cell pellets were washed and suspended in 10 mL 
sonication buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM DTT, 0.1% Triton X-100, 
1 mM PMSF) and lysed by treatment with 100 µg/mL lysozyme followed by sonication.  
Lysates were centrifuged at 20,000 rpm for 20 min and the supernatant was collected.  
Recombinant SSI or BEIIa in the lysates was bound to S-protein-agarose through the high 
affinity S-tag:S-protein interaction according to the manufacturer’s protocol (Novagen 
catalog no. 69704-4).  To purify BEIIa for use as antigen, biotinylated thrombin was used to 
cleave the fusion protein and release it from the matrix, and streptavidin-agarose was used to 
remove the protease, as described by the manufacturer (Novagen catalog no. 69022-3). 
Recombinant SSIIIHD was expressed in E. coli and purified as follows.  pTB-3829 was 
transformed into host strain RosettaDE3pLysS (Novagen).  Expression cultures in LB 
medium supplemented with 50 µg/mL carbenicillin (Sigma) (1 L in 2 L flasks) were 
inoculated from overnight precultures at a dilution of 1/100, and shaken vigorously for 2 h at 
37°C.  IPTG was then added to a final concentration of 0.5 mM, and the cultures were grown 
for an additional 4 h at 30°C.  Cells were collected by centrifugation, washed in water, 
suspended in 20 mL of binding/wash buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% 
Triton X-100, 5 mM DTT) supplemented before use with 1 mM PMSF and 0.1 mg/mL 
lysozyme (Sigma), then incubated at 30°C for 15 min.  The cell suspension was sonicated on 
ice with six bursts of 20 sec each, then centrifuged at 17,000 rpm at 4°C for 20 min.  The 
supernatant was filtered through a 0.45 µm nitrocellulose filter and additional DTT was 
added to make the final concentration 10 mM.  The GST-SSIIIHD fusion protein was 
purified from this lysate using glutathione-Sepharose 4B (GE Healthcare) according to the 
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manufacturer's protocol.  The bound protein on the affinity matrix was washed with 20 bed 
volumes of 1X binding/wash buffer, 5 bed volumes of 50 mM Tris-acetate, pH 7.5, 1 M KCl, 
then another 10 bed volumes of 1X binding/wash buffer. 
The GST-SSIIIHD fusion protein was eluted from the matrix in one bed volume of 
0.3% (w/v) reduced glutathione in 50 mM Tris-HCl, pH 8.0, during a 10 min incubation at 
room temperature with gentle rocking.  After brief centrifugation the supernatant was 
collected.  The elution procedure was then repeated twice on the same beads, and the three 
supernatants were pooled.  The GST region was separated from SSIIIHD by cleavage with 
biotinylated thrombin (Novagen) at 3 U/mL during a 16 h incubation at 4°C with gentle 
rocking.  Biotinylated thrombin was removed by addition of streptavidin-agarose (Novagen) 
according to manufacturer's instructions, and cleaved GST was removed by addition of an 
excess of glutathione-Sepharose.  The mixture was rocked for 1 h at room temperature and 
then centrifuged, and the supernatant containing purified recombinant SSIIIHD was collected 
and stored at -80°C. 
Generation of Antisera 
The polyclonal antiserum αBEIIa/b was generated in rabbits using purified recombinant 
BEIIa as the antigen.  Initial immunizations were with 0.5 mg of antigen in 2 mL of 50% 
Freund’s complete adjuvant (Sigma catalog no. F-5506).  Subsequent booster injections 
containing 0.25-0.5 mg of recombinant BEIIa emulsified in Freund’s incomplete adjuvant 
(Sigma catalog no. F-5881) were administered three times at two-week intervals and serum 
was harvested two weeks after the final injection.  Serum prepared from the final bleed is 
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referred to as αBEIIa/b.  Pre-immune serum was collected prior to the first injection to serve 
as a negative control. 
Synthetic peptide fragments of BEI were chemically synthesized and used as antigen in 
rabbits to elicit antiserum αBEI.  Two peptides of 20 amino acids each were chosen, 
specifically residues 762-781 (YRVDEAGAGRRLHAKAETGK) and residues 798-817 
(KEDKEATAGGK-KGWFARQP) of the full length sequence numbered according to 
Genbank accession no. AAA82735.  These sequences are located in the C terminal extension 
of BEI that is not represented in the amino acid sequence of BEIIa or BEIIb.  The synthetic 
peptides were synthesized as MAP (multiple antigenic peptide) conjugates.  The initial and 
booster injections included 0.5 mg of a mixture of the two peptides, in 0.5 mL of PBS.  Equal 
volume of Freund’s complete adjuvant was used for the initial injection, and Freund’s 
incomplete adjuvant for the booster injections.  The immunization schedule was the same as 
that used to immunize with recombinant BEIIa.  Serum prepared from the final bleed is 
referred to as αBEI.  Pre-immune serum was again collected prior to the first injection to 
serve as a negative control. 
Additional antisera targeted to SSI, SSIIa, BEI, BEIIa, and BEIIb were also raised 
against synthetic peptides.  These sera are referred to as αSSIg, αSSIIa, αBEIg, αBEIIa, and 
αBEIIb, respectively.  The specific peptide sequences used were as follows.  SSI, 
AEPTGEPASTPPPVPD, corresponding to residues 72-87 of the full length sequence 
(Genbank accession no. AAB99957); SSIIa, GKDAPPERSGDAARLPRARRN, 
corresponding to residues 69-89 of the full length sequence (Genbank accession no. 
AAD13341); BEIIa, FRGHLDYRYSEYKRLR, corresponding to residues 142-157 of the 
full length sequence (Genbank accession no. AAB67316); BEIIb, PRGPQRLPSGKFIPGN, 
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corresponding to residues 641-656 of the full length sequence (Genbank accession no. 
AAC33764); BEI, KGWKFARQPSDQDTK, corresponding to residues 809-823 of the full 
length protein (Genbank accession no. AAC36471).  These five polyclonal rabbit antisera 
were prepared commercially (http://www.anaspec.com/services/antibody.asp).  Finally, the 
serum αSSI, raised against recombinant SSI and thus distinct from the anti-peptide serum 
αSSIg, has been described previously (Imparl-Radosevich et al., 1998). 
Three different antibody preparations that recognize SSIII were utilized in this study.  
The polyclonal rabbit antisera αDU1N, raised against the amino terminal 646 residues of 
maize SSIII, and αDU1F, raised against full length SSIII, have been previously described 
(Cao et al., 1999).  In addition, the affinity-purified IgG fraction termed αSSIIIHDP was 
prepared as follows.  Affinity purified SSIIIHD (described in the preceding section) was 
dialyzed into 1X coupling buffer (0.1 M NaPO4 buffer, pH 6.0, 5 mM EDTA).  DTT was 
then added to a final concentration of 20 mM, and the solution was incubated for 1 h at room 
temperature.  DTT was removed by passing the protein through a desalting column 
equilibrated in 1X coupling buffer.  The protein was then covalently linked by disulfide 
bonds to SulfoLink Coupling Gel resin (Pierce) according to manufacturer's instructions.  
Briefly, the protein solution was incubated with the resin (1 mL bed volume, approximately 
0.5 mg protein in 1 mL coupling buffer), after which free sulfhydryls on the resin were 
blocked by incubation with 50 mM cysteine.  The affinity resin was washed with 1 M NaCl, 
then equilibrated by extensive washing in PBS. 
Crude αDU1F serum (2 mL) was applied to the SSIIIHD-Sulfolink column and the 
mixture was incubated at room temperature for 1 h.  The flow through was collected, then 
passed through the column a second time.  After extensive washing with PBS, bound IgG 
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molecules were eluted in 0.2 M glycine-HCl, pH 3.0.  Fractions containing protein were 
pooled and neutralized by addition of 1/20
th
 volume of 1 M Tris-HCl, pH 8.5.  The resulting 
IgG fraction, designated as αSSIIIHDP, was stored at -20°C until further use. 
Whole Cell Kernel Extracts and Amyloplast Extracts 
Whole cell soluble kernel extracts used for immunoprecipitation were prepared as 
follows.  Maize kernels harvested 20 days after pollination (DAP) were quick-frozen in 
liquid nitrogen and stored at –80
º
C until use.  Approximately 10 g of frozen kernels were 
ground into a fine powder in a chilled mortar and pestle under liquid nitrogen.  Ground 
tissues were mixed with homogenization buffer (HB) (50 mM Tris-acetate, pH 7.5, 10 mM 
EDTA, 2.5 mM DTT, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 1X protease inhibitor 
cocktail [Sigma catalog no. P-2714]) at the ratio of 1-mL/g kernel weight.  The mixture was 
allowed to stand for approximately 5 min on ice, and then centrifuged at 20,000 rpm for 
20 min at 4
º
C.  The supernatant, referred to “crude soluble extract”, was kept on ice until 
further analysis. 
Whole cell soluble kernel extracts used for affinity chromatography were prepared by a 
modification of this procedure.  In this instance the extraction buffer was 50 mM Tris-
acetate, pH 7.5, 100 mM KCl, 1 mM DTT, 1 mM PMSF, 0.15% Tween 20, 1X protease 
inhibitor cocktail, and the kernels were ground directly in buffer instead of under liquid 
nitrogen. 
Maize amyloplast extracts were prepared as follows by modification of a procedure 
previously used for wheat endosperm (Tetlow et al., 2004).  Endosperm tissue extracted from 
fresh wild type kernels harvested 16 DAP was suspended in ice cold amyloplast extraction 
94 
buffer (50 mM HEPES-KOH, pH 7.5, 0.8 M sorbitol, 1 mM EDTA, 1 mM KCl, 2 mM 
MgCl2) and finely minced to homogeneity with a razor blade.  The slurry was filtered 
through Miracloth (CalBiochem catalog no. 475855) and layered over 3% Histodenz (Sigma  
catalog no. D2158) in amylopast extraction buffer  at approximately equal volumes.  The 
lysates were centrifuged at 100 x g at 4
o
C for 20 min and the supernatant was carefully 
decanted.  The starch pellet with a yellow ring of amyloplast fraction on top was suspended 
in ice cold rupture buffer (100 mM Tricine-KOH, pH 7.8, 1 mM EDTA, 1 mM DTT, 5 mM 
MgCl2, 1X plant protease inhibitor cocktail (Sigma catalogue no. P9599).  The suspension 
was centrifuged at 5000 rpm at 4
o
C for 5 min.  The supernatant was collected and centrifuged 
again at 50,000 rpm at 4
o
C for 30 min.  The supernatant was collected as the enriched 
amyloplast lysate and used directly for affinity purification, immunoprecipitation, and gel 
permeation chromatography analyses. 
Gel Permeation Chromatography 
Gel permeation chromatography fractionation of amyloplast extracts was performed at 
4
°
C using a Superdex 10/300 GL column (GE Healthcare, catalogue no. 17-5175-01) and an 
AKTA FPLC system.  The column was equilibrated and run in 50 mM sodium phosphate 
buffer, pH 7.0, 1 mM DTT, containing either 150 mM NaCl or 1 M NaCl.  The flow rate was 
0.5 mL/min and fraction size was 0.4 mL.  Amyloplast extracts were loaded in a volume of 
0.5 mL containing approximately 2 mg total protein.  Molecular weight standards run in 
identical conditions were from BioRad (catalogue no. 151-1901).  Samples from each 
fraction (30 µL) were analyzed by SDS-PAGE and immunoblotting. 
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SDS-PAGE and Immunoblot Analysis 
Proteins were separated by two different SDS-PAGE conditions.  Unless otherwise 
noted, the separation used standard Laemmli buffer conditions and 8% acrylamide gels (29:1 
acrylamide:bisacrylamide) (Biorad catalog no. 161-0156) (Ausubel et al., 1989).  In other 
instances the Laemmli gels contained 10% acrylamide.  In still other instances SDS-PAGE 
utilized NuPAGE 4-12% gradient gels run in MOPS buffer at pH 7.7 (Invitrogen catalog 
numbers NP0343, NP0001).  Transfer of proteins from SDS gels to nitrocellulose membranes 
and probing with polyclonal antisera was performed according to standard protocols 
(Ausubel et al., 1989).  Immunoblot signals were detected using the ECL chemiluminescence 
detection system (GE Healthcare catalog no. RPN2209) and donkey anti-rabbit IgG HRP-
conjugated secondary antibody (GE Healthcare catalog no. NA9340) or colorimetric 
detection using alkaline-phosphatase conjugated to the goat anti-rabbit IgG as the secondary 
antibody (Biorad catalog no. 170-6432). 
Affinity Chromatography 
BSA was covalently coupled to Affi-Gel 10 (Biorad catlog no. 153-6099) and pre-
columns were prepared as previously described (Kellogg et al., 1995).  S-protein agarose 
beads bound to recombinant SSI or BEIIa were generated as described in the previous section 
on recombinant protein expression.  The bed volume of both the BSA pre-column and the 
affinity column was approximately 1 mL. 
The pre-column and affinity column were equilibrated in 5-10 volumes of washing 
buffer (50 mM Tris-acetate, pH 7.5, 100  mM KCl, 1 mM DTT, 0.05% Tween 20, 10% 
glycerol) prior to loading the samples.  Approximately 30 mg of cell lysate (~ 3 mL) was 
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loaded onto the BSA pre-column.  The two columns were vertically connected so that the 
eluate from the pre-column passed directly to the affinity column.  Solutions were passed 
through the columns by gravity flow.  The affinity column was washed with five bed 
volumes (5 mL) of washing buffer while collecting 1 mL aliquots.  Five successive 1 mL 
elution volumes of increasing salt concentration were then applied to the affinity column and 
the run through fractions from each were collected.  The elution buffers contained 50 mM 
Tris-acetate, pH 7.5, 1 mM DTT, and KCl at concentrations of 0.2 M, 0.4 M, 0.6 M, 0.8 M, 
and 1.0 M.  Fractions were concentrated and desalted by centrifugal ultra filtration.  
Concentrated protein solutions were dried in a SpeedVac and dissolved in 20 µL of 1X SDS-
PAGE sample buffer.  SDS-PAGE and immunoblot analysis was performed according to 
standard procedures (Ausubel et al., 1989). 
In an alternative method recombinant SSI or BEIIa bound to 120µl S-protein agarose 
was incubated at room temperature for 1 h with amyloplast soluble extracts purified from 
wild type maize endosperm.  The beads were packed into a Biorad Polyprep chromatography 
column and washed with 250ml, 150 mM NaCl in PBS to remove non-specifically bound 
proteins.  The agarose bead pellet was then boiled in SDS-PAGE sample buffer and the 
eluted proteins were analysed by SDS-PAGE and immunoblotting.  
Affinity chromatography for mass spectrometry analysis was performed as follows.  
S-protein agarose bound to either BEIIa or SSI was equilibrated in 20 mM Tris-HCl, pH 7.5, 
150 mM NaCl, 0.1% Triton X-100. 1 mM DTT.  Amyloplast lysate (1 mL) was applied to a 
3 mL bed volume for each affinity column.  The run through was collected and passed a 
second time through the affinity column to maximize protein binding.  The column was 
washed in at least 10 column volumes of the loading buffer.  Bound proteins were released in 
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1.5 mL volumes of increasing KCl elution buffers as described previously in this section.  
The 1.5 mL fractions were concentrated and desalted to a volume of approximately 150 µL 
using centrifugal concentrators (Amicon catalog no. UFC905024).  These protein fractions 
were separated by SDS-PAGE, and the gels were developed with either silver staining 
(Biorad catalog no. 161-0449) or Sypro Ruby staining (Biorad catalog no. 170-3126)  
according to manufacturer’s instructions. 
 
Mass Spectrometery 
Sypro Ruby stained gels were visualized by UV fluorescence on a transilluminator and 
protein bands were excised with a scalpel.  The acrylamide gel slices were provided  to the 
Iowa State University Proteomics Facility and analysed by electrospray MS-MS according to 
facility procedures (http://www.plantgenomics.iastate.edu/proteomics/).  Data were analysed 
using MASCOT software (http://www.matrixscience.com). 
 
Immunoprecipitation 
Method A 
Immunoprecipitation method A was used for analyses of whole kernel extracts.  
Protein-A sepharose CL-4B beads (Sigma-Aldrich, catalog no. P-3391) were swelled and 
then equilibrated in HB homogenization buffer according to the manufacturer’s instructions.  
The bead slurry was distributed into microfuge tubes in 100 µL aliquots.  Antiserum (5 µL) 
was added to one aliquot of the beads and incubated on ice for one hour.  The bead-antibody 
complexes were washed three times with HB buffer to remove unbound serum proteins.  
Crude soluble kernel extract (100 - 200 µL containing approximately 500 µg protein) was 
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added to the antibody-bead slurry, mixed and incubated on ice for one hour.  The protein-
antibody-bead mixture was centrifuged for 5 min at full speed in a microfuge to remove 
unbound proteins, and the supernatant was saved for further analysis.  The protein-antibody-
bead mix was washed six times with HB buffer to remove residual unbound proteins.  Bound 
proteins and antibody were released from the protein A-sepharose by incubation in low pH 
elution buffer (0.2 M Na2HPO4, 0.1 M citric acid, pH 3.0) followed by centrifugation in a 
microfuge.  The supernatant fraction from the elution was saved as the immunoprecipitated 
fraction.  The precipitated fraction  and the supernatant fraction were then subjected 
immunoblot analysis. 
Method B 
Immunoprecipitation method B was used for analyses of amyloplast extracts.  SSI- or 
SSIIa-specific antiserum, αSSIg or αSSIIa, respectively (50 µL), was added to 1 mL of maize 
endosperm amyloplast extract containing approximately 350 µg protein and the mixture was 
incubated at 4°C for 1 h. Proteins were then immunoprecipitated by adding 40 µl 
protein A-sepharose in PBS and incubation continued at 4°C for 30 min (Tetlow et al., 2004).  
After the incubation, the protein A-sepharose with bound proteins was collected by 
centrifugation at 2000 x g.   After extensive washing to remove non-specifically bound 
proteins the pellet was boiled in SDS-PAGE loading buffer.  The eluted proteins were then 
separated by SDS-PAGE and subjected to immunoblot analysis using various antisera. 
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Tables 
 
Table 2.1.  In vivo protein-protein interaction test results 
The indicated GAL4-BD and GAL4-AD fusion plasmids were co-transformed into yeast strain PJ69-4A.  
The notation “+” indicates growth on minimal medium lacking adenine, and blue color in the β-galactosidase 
assay.  At least four independent transformants were tested for each pair.  The notation “n.d.” indicates that data 
for the indicated plasmid pair were not determined.  “None” indicates negative control plasmids lacking any 
maize sequence.  Positive controls p53 and SV40 large T antigen (LTA) are described in Materials and Methods. 
BD fusion AD fusion 
 BEIIa BEIIb BEI SSI SSIII1-181 SSIII1-367 SSIII366-648 SSIIIHD None LTA 
BEIIa + + − + + + + + − − 
BEIIb − − − − − − − n.d. − n.d. 
BEI − − − − − − − n.d. − n.d. 
SSI − − − + − − − + − n.d. 
SSIII1-181 − − − − − − − n.d. − n.d. 
SSIII1-367 + − − + − + + n.d. − − 
SSIII366-648 − − − − − n.d. − n.d. − n.d. 
SSIIIHD − − − − n.d. + n.d. − n.d. n.d. 
None − − − − − − − n.d. − − 
p53 − n.d. n.d. n.d. n.d. − n.d. n.d. n.d. + 
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Table 2.2. Summary of observed in vivo protein-protein 
interactions 
Interacting polypeptides Positive result orientationa 
BEIIa + BEIIb BD-AD 
BEIIa + BEIIa Self association 
BEIIa + SSIII1-367 BD-AD; AD-BD 
BEIIa + SSIII366-648 BD-AD 
BEIIa + SSIII1-181 BD-AD 
BEIIa + SSIIIHDX BD-AD 
BEIIa + SSI BD-AD 
SSIII1-367 + SSIII1-367 Self association 
SSIII1-367 + SSIII366-648 BD-AD 
SSIII1-367 + SSIIIHDX BD-AD 
SSIII1-367 + SSI BD-AD 
SSIIIHDX + SSI AD-BD 
SSI + SSI Self association 
a “BD-AD” indicates that the positive results was 
obtained when the first polypeptide listed was fused to 
GAL4-AD and the second polypeptide listed was fused 
to GAL4-BD, and further that the positive signal was 
not observed when reciprocal fusions were tested.  
“BD-AD; AD-BD” indicates that positive signals were 
obtained regardless of which polypeptide was fused to 
either of the GAL4 segments.   
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Table 2.3.  Summary of observed physical interactions 
Results are noted for co-immunoprecipitation (Co-IP), 
affinity purification (Affinity), and in vivo protein-protein 
interaction tests (Y2H).  For each method the results of the 
test performed in both possible orientations are noted (A, B).  
The notation "nd" indicates either the test was not performed 
or the results were not unequivocal. 
Interaction Pair Method 
 Co-IPa  Affinityb  Y2Hc 
 A B  A B  A B 
SSI/SSIIa + +  + nd  nd nd 
SSI/SSIII nd +  + nd  − + 
SSI/BEIIa + +  + +  + − 
SSI/BEIIb + nd  + nd  − − 
SSI/BEI + nd  − nd  − − 
SSIIa/BEIIa + nd  nd +  nd nd 
SSIIa/BEIIb + nd  nd nd  nd nd 
SSIII/BEIIa nd nd  nd nd  + + 
a "A" indicates that antibodies specific for the first 
member of the binding pair were used as the precipitating 
agent, and "B" indicates that antibodies specific for the 
second member were used for precipitation. 
b "A" indicates that the first member of the binding pair 
was the solid phase ligand and "B" indicates the second 
member was in the solid phase. 
c "A" indicates that the first listed member of the binding 
pair was fused to GAL4-AD and "B" indicates the second 
member was fused to GAL4-AD. 
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CHAPTER 3.  MAIZE SSIII IS A SCAFFOLDING PROTEIN INTEGRATING 
MULTIPLE METABOLIC PATHWAYS 
 
A paper submitted for publication to the journal Plant Physiology 
 
Tracie A. Hennen-Bierwagen, Qiaohui Lin, Martha G. James, and Alan M. Myers 
 
Abstract 
Starch biosynthetic enzymes from maize amyloplasts are known to exist in cell extracts 
in high molecular weight complexes however, the nature of those assemblies remains to be 
defined.  In this study genetic analyses tested the interdependence of specific starch 
biosynthetic enzymes on each other for assembly into complexes.  Association of starch 
synthase (SS) IIa, starch branching enzyme (SBE) IIa, and SBEIIb into a complex of 
approximately 600 kDa was found to require the presence of SSIII.  Genetic elimination of 
SSIIa or SBEIIb changed the gel permeation chromatography (GPC) behavior of the 600 kDa 
complex containing SSIII.  Loss of SSIII did not affect the ability of SSIIa, SBEIIa, or 
SBEIIb to assemble into a complex of approximately 300 kDa.  The two complexes were 
purified through successive chromatography steps.  SSIII, SSIIa, SBEIIa, and SBEIIb 
co-purified with the 600 kDa complex and the latter three proteins co-purified with the 
300 kDa complex.  These data support the hypothesis that all four enzymes are present in the 
same complex of 600 kDa and that SSIII mediates assembly of the other three proteins into 
that quaternary structure.  Additional proteins that co-purified with the 600 kDa and 300 kDa 
complexes were identified, specifically pyruvate orthophosphate dikinase (PPDK) and 
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sucrose synthase 1, respectively.  Both of those proteins also bound to a specific conserved, 
non-catalytic fragment of SSIII expressed in E. coli, and both co-immunoprecipitated with 
SSIII.  Association of PPDK and starch biosynthetic enzymes suggests a means of global 
regulation of carbon partitioning between protein and starch in developing seeds. 
Introduction 
An important question in plant physiology is the means by which glucan storage 
homopolymers are synthesized such that they are able to assemble into semi-crystalline 
starch granules.  The starch polymer amylopectin consists of -(14)-linked glucose units in 
linear chains, and these are joined to each other by -(16) branch linkages.  A 
distinguishing feature of amylopectin is that the branch points are clustered relative to each 
other (Thompson, 2000).  The functional properties of starch depend on this ordered 
structure, which allows crystallization of the linear glucan chains that extend from the branch 
clusters.  Biologically, this high-density packing of glucose units in an insoluble form 
provides plants with an abundant energy source when photosynthesis is not operative.  A 
related physiological question is how the flow of reduced carbon into these storage molecules 
is regulated such that seeds and other storage tissues achieve a balance of protein and starch, 
among other metabolites. 
Starch biosynthesis is accomplished in large part by the coordinated activities of starch 
synthases (SS) and starch branching enzymes (SBE) (Ball and Morell, 2003).  SSs catalyze 
linear chain elongation by addition of a glucose unit donated from the nucleotide sugar ADP-
glucose (ADPGlc) to the non-reducing end of an acceptor chain.  Branch linkages are formed 
by the action of SBEs, which cleave a linear chain and transfer the freed fragment to a C6 
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hydroxyl group of the same or a neighboring chain.  Multiple classes of SBE and SS are 
highly conserved in the plant kingdom (Ball and Morell, 2003; Li et al., 2003; Leterrier et al., 
2008).   
Recent evidence indicates that certain SSs and SBEs are capable of physically 
associating with each other (Tetlow et al., 2004; Hennen-Bierwagen et al., 2008; Tetlow et 
al., 2008).  The first such evidence came from immunoprecipitation of amyloplast extracts 
from developing wheat endosperm, showing that SBEI, SBEIIb, and starch phosphorylase 
co-immunoprecipitate, and that phosphorylation of one or more of those proteins is necessary 
for the association (Tetlow et al., 2004).  Further studies in maize and wheat utilized 
combinations of yeast two-hybrid assays, affinity purification with immobilized recombinant 
ligands, and immunoprecipitation, to demonstrate a large number of pair-wise interactions 
involving SSI, SSIIa, SSIII, SBEIIa, and SBEIIb (Hennen-Bierwagen et al., 2008; Tetlow et 
al., 2008). 
Further indications that starch biosynthetic enzymes assemble in multi-subunit 
complexes were provided by gel permeation chromatography (GPC) analyses of maize 
amyloplast extracts (Hennen-Bierwagen et al., 2008).  Several enzymes were observed to 
migrate on GPC columns at a molecular weight corresponding to either approximately 
600 kDa or approximately 300 kDa (referred to as C600 and C300, respectively).  The larger 
elution peak contained SSIII, SSIIa, SBEIIa, and SBEIIb, in varying relative concentrations, 
whereas only the latter three proteins were present in C300.  The molecular explanation for 
this behavior is not known, because the quaternary structure of any complex(es) present in 
these elution peaks has not been characterized.  Understanding the functions of these 
complexes, and how they may affect amylopectin structure, will require determining whether 
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the starch biosynthetic enzymes interact with each other in a single complex or, alternatively, 
are present in distinct complexes that elute at the same position.  In addition, any other 
binding partners present in the complexes, such as factors that may regulate starch 
biosynthesis, need to be identified. 
Among these enzymes, SSIII has been implicated from several observations as a 
regulator of starch biosynthesis, in addition to its enzymatic role.  Examples come from 
analysis of mutations in the maize gene dull1 (du1), which codes for SSIII.  The mutation 
was shown to eliminate SSIII enzyme activity, as expected, and in addition simultaneously 
cause a major reduction in the activity of SBEIIa (Boyer and Preiss, 1981).  Another effect of 
the du1 loss-of-function mutation was to increase the total amount of SS activity, specifically 
SSI, present in soluble endosperm extracts (Singletary et al., 1997; Cao et al., 1999).  In 
Arabidopsis leaves, a regulatory role was indicated by the observation that mutations that 
eliminate SSIII cause an increased rate of starch biosynthesis (Zhang et al., 2005).  The 
mechanism(s) by which SSIII can influence the activities of other starch biosynthetic 
enzymes or the overall starch biosynthesis rate are unknown.  Part of the explanation may be 
that physical association of SSIII with other enzymes provides for regulatory interactions. 
This study tested the hypothesis that SSIII serves as a scaffold protein that brings 
together specific starch biosynthetic enzymes and/or other proteins into a complex, and in 
addition sought to identify previously unknown proteins in the complexes.  SSIII is of 
particular interest because of the nature of its amino terminal extension beyond the residues 
that make up the catalytic region.  Each SS class has an amino terminal extension relative to 
the conserved catalytic domain also found in glycogen synthase.  In most SS classes the 
N-terminal extension is conserved among monocots or dicots, but not universally throughout 
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the land plants or in unicellular green algae.  SSIII, in contrast, contains a region of 
approximately 450 residues immediately upstream of the catalytic region, referred to here as 
the SSIII homology domain (SSIIIHD), that is highly conserved in all green plants.  For 
example, maize and unicellular green alga Chlamydomonas SSIII share 32% identity in this 
region over 415 aligned residues, and conservation between the monocot maize and dicot 
Arabidopsis is 56% identity over 458 aligned residues.  SSIIIHD in maize has been shown to 
be involved in protein-protein interactions, specifically binding to SSI (Hennen-Bierwagen et 
al., 2008), and in addition possesses sequences that confer a glucan binding function 
(Palopoli et al., 2006; Senoura et al., 2007; Valdez et al., 2008). 
Genetic analyses in maize afford the ability to eliminate particular starch biosynthetic 
enzymes in vivo, and using these tools the interdependence of the SSs and SBEs for assembly 
into high molecular weight complexes could be assessed.  The data show that SSIIa, SBEIIa, 
and SBEIIb all require SSIII in order to form a 600 kDa complex, consistent with the 
scaffold hypothesis, and indicate that all of the enzymes are in the same multi-subunit 
structure.  In addition both C600 and C300 were purified through two successive column 
chromatography steps and co-elution was observed among SSIII, SSIIa, SBEIIa, SBEIIb, and 
additional proteins that may be functionally related.  One of the proteins thus identified is 
pyruvate orthophosphate dikinase (PPDK), which has been proposed as a regulator of 
partitioning between starch and protein synthesis in developing endosperm (Mechin et al., 
2007).  Association of PPDK and several starch biosynthetic enzymes with SSIII suggests a 
mechanism for coordination of carbohydrate and protein metabolism as endosperm tissue 
develops and matures. 
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Results 
Protein-Protein Interactions Independent of Glucan Binding 
SSIIIHD has been reported both to bind to glucans and to other proteins (Palopoli et al., 
2006; Senoura et al., 2007; Hennen-Bierwagen et al., 2008; Valdez et al., 2008).  The 
proposed starch binding domains (SBD) are located within three repeat sequences distributed 
throughout the conserved portion of the SSIII family (Fig. 3.1) (Li et al., 2000; Palopoli et 
al., 2006).  Further computational analysis of the maize SSIIIHD amino acid sequence using 
the program COILS (Lupas et al., 1991) identified two highly predicted coiled-coil domains, 
which typically function to mediate protein-protein interactions (Burkhard et al., 2001; Parry 
et al., 2008).  The two coiled-coil domains flank the center SBD (Fig. 3.1), which in 
biochemical analyses of Arabidopsis SSIII appears to be the most significant sequence for 
substrate affinity (Valdez et al., 2008).  These computational predictions suggest the 
possibility that SSIII comprises structures within the conserved SSIIIHD region that could 
explain both protein recognition and glucan binding. 
The fact that sequences within SSIIIHD are known to affect association with glucan 
substrates raises the possibility that the observed interactions between SSIII and other starch 
biosynthetic enzymes are mediated by common binding to the same polymer molecule.  To 
test this hypothesis amyloplast extracts were treated with a mixture of amyloglucosidase and 
-amylase in order to completely digest any glucan polymers present.  Glucan polymer 
concentration in the amyloplast extracts was quantified and determined to be approximately 
0.4 μg/mL.  The extracts were treated with a quantity of hydrolytic enzymes that in control 
experiments was shown to completely digest glucan at a concentration of at least 10 μg/mL 
in the same buffer conditions.  Complex formation was then analyzed by GPC in extracts  
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                  --------> Start SSIIIHD expressed fragment 
Rice       VLRRRLEELAEKNYLAGNKCFVFPEVVQADSVIDLYLNHSMSALASEPDILIKGAFNGWR 
Maize      ALWSMLQELAEKNYSLGNKLFTYPDVLKADSTIDLYFNRDLSAVANEPDVLIKGAFNGWK 
Wheat      ALKVMLQELAEKNYSMRNKLFVFPEVVKADSVIDLYLNRDLTALANEPDVVIKGAFNGWK 
Potato     LRRQAIERLAEENLLQGIRLFCFPEVVKPDEDVEIFLNRGLSTLKNESDVLIMGAFNEWR 
Arabidop.  LRRKEIETLAAENLARGDRMFVYPVIVKPDEDIEVFLNRNLSTLNNEPDVLIMGAFNEWR 
Cowpea     LRKQEIERIAEENFLRGAKLFVYPPVVKPDEDIEVFLNKNLSTLSDEPDILILGAFNDWE 
Phaseolus  QRQQEIERIAEEKLSQGTKLFVYPPVVKPDQDIEVFLNKSLSALSDEPQILIMGAFNDWK 
 
Rice       WKKFTQKMHKSELTGDWWCCKLHIPKQAYRLDFVFFNGDTIYENNNHNDFVLQIESEINE 
Maize      WRFFTEKLHKSELAGDWWCCKLYIPKQAYRMDFVFFNGHTVYENNNNNDFVIQIESTMDE 
Wheat      WRLFTERLHKSDLGGVWWSCKLYIPKEAYRLDFVFFNGRTVYENNGNNDFCIGIEGTMNE 
Potato     YRSFTTRLTETHLNGDWWSCKIHVPKEAYRADFVFFNGQDVYDNNDGNDFSITVKGGMQI 
Arabidop.  WKSFTRRLEKTWIHEDWLSCLLHIPKEAYKMDFVFFNGQSVYDNNDSKDFCVEIKGGMDK 
Cowpea     WKSFTIRLNKTHLKDDWWSCQLYVPREAYKIDFVFFNGQSVYDNNDQKDFCIPVVGGMDA 
Phaseolus  WKSFSVKLNKTRLKGDWWSCQLYVPREAYQVDFVFFNGQNVYDNNDQKDFRIAIEGGMDA 
 
Rice       HSFEDFLVEEKQRELERLAAEEAERKRQAEEERRKEEERAAMEADRAQAKAEVEMNKNKL 
Maize      NLFEDFLAEEKQRELENLANEEAERRRQTDEQRRMEEERAADKADRVQAKVEVETKKNKL 
Wheat      DLFEDFLVKEKQRELEKLAMEEAERRTQTEEQRRRKEARAADEAVRAQAKAEIEIKKKKL 
Potato     IDFENFLLEEKWREQEKLAKEQAERERLAEEQRRIEAEKAEIEADRAQAKEEAAKKKKVL 
Arabidop.  VDFENFLLEEKLREQEKLAKEEAERERQKEEKRRIEAQKAAIEADRAQAKAETQKRRELL 
Cowpea     LVFEDFLLEEKRKELEKLAKEQAERERQAEEQRRIDADKAVKGEDRLQARMEVEKMQDTL 
Phaseolus  SAFENFLLDEKRKELEELARVQAERERQAEEQRRIEADRAAKAEDRSRARVEVQRMQETL 
 
Rice       QNLLNSASRYADNLWYIEPHTYKAGDRVKLFYNRSSRPLMHNTEIWMHGGYNNWSDGLSI 
Maize      CNVLGLARAPVDNLWYIEPITTGQEATVRLYYNINSRPLVHSTEIWMHGGYNNWIDGLSF 
Wheat      QSMLSLARTCVDNLWYIEASTDTRGDTIRLYYNRNSRPLAHSTEIWMHGGYNNWTDGLSI 
Potato     RELMVKATKTRDITWYIEPSEFKCEDKVRLYYNKSSGPLSHAKDLWIHGGYNNWKDGLSI 
Arabidop.  QPAIKKAVVSAENVWYIEPSDFKAEDTVKLYYNKRSGPLTNSKELWLHGGFNNWVDGLSI 
Cowpea     LQLMKNAVTSIDNVWYIEPSEFNSNDSVRLYYNGNSGPLQHAKEVWVHGGHNNWKDGLTI 
Phaseolus  PQLLKNAVKSIDNVWYIEPSDFKGKDLIRLYYNRSSGPLVHANEIWIHGGHNNWKYGLSI 
 
Rice       AEKLIKSYEKDGD-----WWYADVTLPEGALVLDWVFADGPPGNARNYDNNGRQDFHAVV 
Maize      AERLVHHHDKDCD-----WWFADVVVPERTYVLDWVFADGPPGSARNYDNNGGHDFHATL 
Wheat      VESFVKCNDKDGD-----WWYADVIPPEKALVLDWVFADGPAGNARNYDNNARQDFHAIL 
Potato     VKKLVKSERIDGD-----WWYTEVVIPDQALFLDWVFADGPPKHAIAYDNNHRQDFHAIV 
Arabidop.  VVKLVNAELKDVDPKSGNWWFAEVVVPGGALVIDWVFADGPPKGAFLYDNNGYQDFHALV 
Cowpea     VERLVKSGLKGGA-----WWYADVVVPDQALVLDWVFADGPPQNAVVYDNNRMQDFHAIV 
Phaseolus  IERLVKSVLKGGD-----WWYADVIVPDQALVLDWVFADGAPQKAGIYDNNRKQDFHAIV 
 
Rice       PNN-ISEDLFWVEEEHMIFKRLQKERKEREDADRRKSEITAKMKAEMKEKTMRDFLLSQK 
Maize      PNN-MTEEEYWMEEEQRIYTRLQQERREREEAIKRKAERNAKMKAEMKEKTMRMFLVSQK 
Wheat      PNNNVTEEGFWAQEEQNIYTRLLQERREKEETMKRKAERSANIKAEMKAKTMRRFLLSQK 
Potato     PNH-IPEELYWVEEEHQIFKTLQEERRLREAAMRAKVEKTALLKTETKERTMKSFLLSQK 
Arabidop.  PQK-LPEELYWLEEENMIFRKLQEDRRLKEEVMRAKMEKTARLKAETKERTLKKFLLSQK 
Cowpea     PMA-TPDAQYWVEEEQLIYRKLQEERKLKEEVIRAKAEKTAQMKAETKEKTLKKFLLSQK 
Phaseolus  PMV-TPDEQYWVEEEQLLYRKFQEERRLRDEAMRHKAEKIAQMKAETKEKTLKRFLLSQK 
           *    .:  :* :**: ::  : ::*: :: . : * *  * :*:* * :*:: **:*** 
 
Rice       HIVYTEPLEVRAGTTVDVLYNPSNTVLNGKPEVWFRCSFNRWTHPSGPLPPQKMVNAEN- 
Maize      HIVYTEPLEIHAGTTIDVLYNPSNTVLTGKPEVWFRCSFNRWMYPGGVLPPQKMVQAEN- 
Wheat      HIVYTEPLEIRAGTTVDVLYNPSNTVLNGKSEGWFRCSFNLWMHSSGALPPQKMVKSGD- 
Potato     HVVYTEPLDIQAGSSVTVYYNPANTVLNGKPEIWFRCSFNRWTHRLGPLPPQKMSPAEN- 
Arabidop.  DVVYTEPLEIQAGNPVTVLYNPANTVLNGKPEVWFRGSFNRWTHRLGPLPPQKMEATDDE 
Cowpea     HIVYTEPLDIQAGSTVTVFYNPSNTNLNGRPEVWFRGSFNRWSHRNGPLPPQRMLPAES- 
Phaseolus  HIVFTDPLDVQAGSTVTVFYNPSNTNLNGKPEVWFRCSFNHWTHSNGSLPPQRMLPAEN- 
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Rice       GSHLRATVRVPLDAYMMDFVFSESEEGGIYDNRNGMDYHSPVTDSVAKEPPM 
Maize      GSHLKATVYVPRDAYMMDFVFSESEEGGIYDNRNGLDYHIPVFGSIAKEPPM 
Wheat      GPLLKATVDVPPDAYMMDFVFSEWEEDGIYDNRNGMDYHIPVSDSIETENYM 
Potato     GTHVRATVKVPLDAYMMDFVFSEREDGGIFDNKSGMDYHIPVFGGVAKEPPM 
Arabidop.  SSHVKTTAKVPLDAYMMDFVFSEKEDGGIFDNKNGLDYHLPVVGGISKEPPL 
Cowpea     GTHVKASVKVPLDAYMMDFVFSESENGGVFDNKFGMDYHIPVFGGIVKEPPM 
Phaseolus  GTHVKASVKVPLDAYKMDFVFSESEHGGVFDNKLGMDYHIPVFGGIVKEPPL 
           .. ::::. ** *** ******* *..*::**: *:*** ** ..: .*  : 
 
 
 
Figure 3.1.  Conserved sequences within SSIIIHD.  The SSIIIHD sequences from the seven 
indicated species were aligned using the program PILEUP.  Blue text indicates residues that 
are identical in all seven species, and red text indicates conserved amino acids present in all 
of the SSIII proteins.  Starch binding domain repeats are indicated by blue highlighted text as 
they have been identified in wheat (Li et al., 2000) and Arabidopsis (Palopoli et al., 2006).  
Pink highlighted boxes indicates the positions of predicted coiled-coil domains as defined by 
the program COILS.  The amino acid at the N-terminus of the recombinant fragment 
SSIIIHD is indicated. 
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with or without addition of the hydrolytic enzymes.  Fractions were collected from the GPC 
column, run in SDS-PAGE, and probed in immunoblot analysis with antibodies specific for 
either SSIII, SSIIa, or SBEIIa plus SBEIIb (Hennen-Bierwagen et al., 2008). 
In the absence of amyloglucosidase/-amylase treatment, SSIII migrated in GPC as 
expected in the fractions corresponding to the 600 kDa peak.  The same result was observed 
when glucan had been eliminated from the extracts by hydrolytic enzyme treatment (data not 
shown).  From these results it is highly likely that SSIII interacts with SSIIa and SBEIIb 
owing to protein-protein contacts.  Accordingly, SSIIIHD is likely to have independent 
functions in glucan binding and protein binding. 
Complex Formation in the Absence of Specific SSs or BEs 
Maize mutants exist in which characterized null mutations cause complete loss of 
particular SS or SBE proteins.  The mutation du1-M3 is caused by insertion of a Mutator 
(Mu) transposon in the first exon of the gene that codes for SSIII (M.G.J., unpublished 
results), and no SSIII protein is detectable in endosperm extracts from the mutant line 
(Hennen-Bierwagen et al., 2008) (Fig. 3.2, rows a-b).  Mobility of SSIIa and SBEIIb in 
GPC/immunoblot analyses was compared between wild type and du1-M3 extracts.  The 
proteins were separated in a buffer containing 1 M NaCl, which favors the formation of 
complexes containing SSIII, SSIIa, and SBEIIb (Hennen-Bierwagen et al., 2008).  In wild 
type amyloplasts a small proportion of the SSIIa migrates in the C600 peak (Fig. 3.2, row e), 
however, no signal was detected in these fractions in the mutant lacking SSIII (Fig. 3.2, row 
f).  SBEIIb in wild type extracts fractionates broadly across the gradient, with an obvious 
peak in C600 but also is present  in the C300 fractions (Fig. 3.2, row j).  The mobility of  
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Figure 3.2.  GPC analyses of wild type and mutant amyloplast extracts.  Proteins present in 
the indicated fractions from the GPC column were separated by SDS-PAGE and then probed 
with specific antibodies in immunoblot analyses.  The antisera used to identify SSIII, SSIIa, 
BEIIb, and BEI are specified in Materials and Methods, as are the particular mutant alleles 
present in each line.  The elution volumes of molecular weight standards analyzed in the 
same GPC protocol are indicated at the top of the figure.  Letters on the right side are 
provided for ease of reference between the text and the figure.  In all instances the mobility 
of the indicated proteins in SDS-PAGE matched that expected based on the corresponding 
cDNA sequence and previous characterizations using the same antibodies. 
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SBEIIb is drastically changed in the du1-M3 mutant, where the protein reaches an elution 
volume corresponding to approximately 150 kDa (Fig. 3.2, row k).  Little or no SBEIIb is 
present in the C300 fractions in the mutant, and the protein is undetectable in the C600 
fractions.  The data indicate that assembly of both SBEIIb and SSIIa into a 600 kDa complex 
requires the presence of SSIII.  SSIIa and SBEIIb differ in the respect that the former is able 
to assemble into a 300 kDa complex in the absence of SSIII, whereas the latter is not. 
The effects of eliminating SSIIa on mobility of SSIII and SBEIIb were analyzed 
similarly.  The mutation utilized was su2-19791, which is a spontaneous mutation in the 
maize gene sugary2 (su2) that codes for SSIIa (Zhang et al., 2004).  This mutation causes 
complete loss of the SSIIa protein (Hennen-Bierwagen et al., 2008) (Fig. 3.2, row g).  The 
apparent molecular weight of the SSIII peak, based on GPC elution volume, decreases 
slightly in the su2-19791 mutant compared to wild type (Fig. 3.2, rows a,c).  SBEIIb is again 
significantly affected, as it was by loss of SSIII.  No SBEIIb is detected in the C600 peak, 
and the amount present in the C300 peak is greatly reduced (Fig. 3.2, row l).  The fact that 
SSIII and SBEIIb exhibit altered GPC elution volumes when SSIIa is absent, compared to 
wild type, is consistent with the proposal that all three proteins associate in the same 
quaternary structure. 
Continuing this method of analysis, the effects of mutations eliminating SBEIIa or 
SBEIIb on the mobility of SSIIa in GPC columns were observed.  Alleles utilized were 
sbe2a::Mu, a null allele preventing expression of SBEIIa, ae1, an uncharacterized mutation 
in the gene coding for SBEIIb, or ae-B, a deletion allele of the same gene (see Materials and 
Methods). In these instances the great majority of SSIIa was detected in the C300 elution 
peak, as it was in wild type (Fig. 3.2, rows e,h,i).  Loss of SBEIIa, however, did have an 
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effect on the assembly of SBEIIb into high molecular weight complexes, preventing its 
migration in the 300 kDa or 600 kDa elution peaks (Fig. 3.2, row m). 
Finally, the effect of eliminating SBEIIb on the GPC migration of SBEI was 
determined.  SBEI had previously been shown to exist entirely as a monomer, in contrast to 
all of the other starch biosynthetic enzymes characterized here (Hennen-Bierwagen et al., 
2008).  However, binding of SBEI to starch granules was significantly increased in an ae- 
mutant suggesting loss of SBEIIb might unmask a binding site for SBEI in a multi-subunit 
complex (Grimaud et al., 2008).  If so, then the mutation affecting SBEIIb could result in the 
presence of a high molecular weight form of SBEI.  This result was not observed, however, 
and SBEI remained as a monomer both in wild type and the mutant lacking SBEIIb (Fig. 3.2, 
rows n,o). 
Further Purification of C600 and C300 Complexes 
A further prediction from the hypothesis that SSIII serves as a scaffold to assemble 
SSIIa, SBEIIa, SBEIIb, and potentially other proteins into a quaternary structure is that the 
complexes will co-purify in successive chromatography fractionations.  In addition, further 
purification serves as a means of identifying components of the complexes that could not be 
predicted without prior knowledge.  In order to address these issues, complexes containing 
starch biosynthetic enzymes were co-purified in three successive steps, first amyloplast 
enrichment from developing endosperm tissue, then GPC, and finally anion exchange 
chromatography (AEC). 
GPC separation of amyloplast extracts was conducted in a Tris-acetate buffer 
containing essentially no sodium or other positively charged ions, in order to facilitate 
binding to immobilized cations in the next purification step.  Immunoblot analyses revealing 
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the presence of SSIII, SBEIIa, SBEIIb, and SSIIa demonstrated that the starch biosynthetic 
enzyme-containing complexes present in the C600 and C300 elution peaks are stable in such 
conditions (Fig. 3.3).  Specific fractions from the C600 and C300 peaks were pooled for 
successive purification steps (Fig. 3.3). 
The C600 pool and the C300 pool were applied directly to a MonoQ anion exchange 
column.  Bound proteins were eluted in a gradient of 0 to 1 M NaCl, and fractions from the 
column wash and across the gradient were collected and probed in immunoblot analyses.  
SSIII in the C600 pool bound entirely to the AEC column and was eluted in a peak centered 
at approximately 0.5 M NaCl (Fig. 3.4).  The same column fractions were then probed for the 
presence of SSIIa, SBEIIa, and SBEIIb.  All three proteins eluted in the same fractions as 
SSIII, indicating co-purification through all three fractionation steps (Fig. 3.4). 
The C300 pool was analyzed similarly, with SSIIa serving as the primary marker for 
elution from the AEC column.  Again the putative complex was entirely bound to the 
column, and eluted in a peak centered at about 0.5 M NaCl.  Probing for co-eluting proteins 
revealed that the peak fraction for SSIII, SBEIIa, and SBEIIb was the same as that for SSIIa 
(Fig. 3.4), again indicating co-purification through three steps.  The relatively low abundance 
of SSIII detected in the AEC separation of the C300 pool likely results from low resolution 
of the GPC column, such that there is overlap between the C600 and C300 elution peaks. 
Identification of Complex Components by Mass Spectrometry 
Immunoblot analyses of the AEC separation identified those fractions in the 600 kDa 
peak that contained SSIII, SSIIa, SBEIIa, and SBEIIb, and in the 300 kDa peak that 
contained the latter three proteins.  The C600 peak fraction containing the highest 
concentration of SSIII, together with co-eluting starch biosynthetic enzymes, was further  
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Figure 3.3.  Partial purification of C600 and C300 complexes by GPC.  GPC fraction-
ation was performed in no-sodium buffer and fractions were probed in immunoblot 
analyses.  SSIII served as a marker for the C600 pool complex(es), and SSIIa served 
to identify the C300 complex(es).  The indicated fractions were pooled and used for 
further purification steps. 
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analyzed by silver staining after SDS-PAGE in order to visualize the proteins present 
(Fig. 3.5).  The same fraction was concentrated approximately 3-fold by lyophilization, then 
separated by SDS-PAGE and stained with Sypro Ruby in preparation for mass spectrometry 
analysis.  Several fractions from the AEC purification of the C300 complex(es) were 
analyzed similarly by Sypro Ruby staining (Fig. 3.5). 
Silver stain of the C600 peak fraction revealed approximately 12 proteins that were 
highly purified from the starting material, and all these also were clearly observed by Sypro 
Ruby staining.  The prominent bands, labeled in Fig. 3.5 as nos. 1 - 8, were excised from the 
Sypro Ruby gel and analyzed by electrospray ionization tandem mass spectrometry 
(MS/MS).  Eight bands from three different AEC fractions containing the purified C300 
complex(es) were also analyzed, labeled a - h in Fig. 3.5.  The proteins identified by peptide 
sequences generated from each band are listed in Tables 3.1 and 3.2. 
As expected, SSIII was clearly identified by MS/MS in the AEC-purified C600 
complex, fraction 12 (Table 3.1).  SSIII was present in four bands ranging in size from 
approximately 140 - 200 kDa, indicative of proteolysis that is typical for this large protein 
(Hennen-Bierwagen et al., 2008).  Numerous additional proteins were identified, for which 
additional experimentation is needed.  Of note is PPDK, because it is involved in 
carbohydrate metabolism and also because it was independently identified as a SSIIIHD-
binding protein (see Fig. 3.6, Table 3.3).  Neither SBEIIa, SBEIIb, nor SSIIa, which were 
observed in this fraction by immunoblot analysis (Fig. 3.4) were identified by MS/MS.  A 
possible explanation is that the high abundance of HSP70 in the band that co-migrates with 
SBEIIb and SSIIa could mask their MS/MS identification. 
 
Figure 3.5.  Separation of purified proteins for MS analyses.  Proteins in the indicated 
fractions were separated by SDS-PAGE and visualized by the indicated staining 
method.  Letters indicate bands from the C300 purification that were excised and 
analyzed by MS/MS, and numbers indicate the bands analyzed from the C600 
purification.
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SSIII was not identified by MS/MS in the AEC-purified C300 complex(es), in contrast 
to its apparent abundance in C600.  Again, SSIIa, SBEIIa, and SBEIIb failed to appear in this 
MS/MS analysis.  However, one additional protein present, starch phosphorylase, was seen 
previously to co-immunoprecipitate with SBEIIb from developing wheat amyloplasts, 
supporting assignment of that protein as a partner in the C300 complex.  Another protein of 
note that was repeatedly identified is sucrose synthase 1 (SUS1), the product of the maize 
shrunken1 (sh1) gene.  This is another protein involved in carbohydrate metabolism, and was 
also identified as a SSIIIHD-binding protein (see Fig. 3.6, Table 3.3). 
Identification of SSIIIHD-Binding Proteins 
Affinity chromatography was used as a means of further investigating protein binding 
to SSIIIHD.  A recombinant fusion protein containing glutathione-S-transferase (GST) at the 
amino terminus and maize SSIIIHD (SSIII residues 770 - 1225) at the carboxyl terminus was 
expressed in E. coli, purified, and immobilized on glutathione-sepharose.  Wild type 
amyloplast extracts were passed over a GST-SSIIIHD column a low-salt buffer.  After 
extensive washing in a buffer containing 150 mM NaCl, bound proteins were eluted in steps 
of increasing salt concentration from 0.2 M to 1.0 M KCl.  After concentration, proteins in 
the elution fractions were separated by SDS-PAGE, then probed for the presence of various 
starch biosynthetic enzymes in immunoblot analyses  (Fig. 3.6A).  Antisera recognizing both 
SBEIIa and SBEIIb, SBEI, or SSIIa were used for protein identification in these analyses.  
Immunoblot analysis of the eluates probed with BEIIab detected several signals in the 
0.2M, 0.4M elution fractions, which match the known electrophoretic mobilities of SBEIIa 
and SBEIIb.  SBEIIb continued to elute in the 0.6 M KCl fraction, which in addition  
Figure 3.6.  Affinity purification with SSIIIHD as the solid phase ligand.  Recombinant 
GST-SSIIIHD was immobilized on a Sepharose column and used as an affinity ligand to 
purify proteins from soluble amyloplast extracts.  A) Extracts were passed through the GST- 
SSIIIHD column or a control column with no recombinant protein attached to the matrix.  
After extensive washes in 150 mM KCl, a step gradient of increasing KCl concentration was 
applied and fractions were collected.  Proteins were separated by SDS-PAGE and probed in 
immunoblot analyses with the indicated antiserum.  “W” indicates the immunoblot signal 
from the flow-through wash.  B) The procedure of panel A was repeated with the differences 
that the column was eluted in a single step of 0.6 M KCl, and the proteins were stained with 
Sypro Ruby after SDS-PAGE.  The results from two independent biological replicates are 
shown.  Numbers and letters indicate bands that were excised and analyzed by MS/MS.
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contained a smaller protein that may be an alternate form of either of these two enzymes.  
The same antiserum was used to probe the eluates of the control column and no signals were 
detected (Fig. 3.6A) nor were any proteins seen by Coomassie blue staining (data not 
shown).  SBEI and SSIIa were not detected in any of the salt fractions eluted from the GST-
SSIIIHD column but were only seen in the total extract flow-through fraction of washed out 
unbound proteins.  Thus, neither SBEI nor SSIIa appears to bind to SSIIIHD in these 
conditions. 
Proteins eluted from the GST-SSIIIHD column were further characterized by mass 
spectrometry.  For these analyses, the column was washed and bound proteins were eluted in 
a single step with 0.6M KCl.  The eluate was concentrated 10-fold, separated by SDS-PAGE, 
and gels were stained with SYPRO Ruby (Fig. 3.6B).  Two independent, biological replicates 
were performed and essentially the same overall banding pattern was observed.  Individual 
bands were excised and proteins present were defined by mass spectrometry (Table 3.3).  
SBEIIb was positively identified, thus verifying the immunoblot result.  Other proteins of 
note identified from this elution fraction are PPDK and sucrose synthase I, which were also 
shown to co-elute in the AEC purifications of C600 and C300 complexes, respectively 
(Tables 3.1 and 3.2).  Both full length and proteolytic fragments of PPDK were clearly 
identified in the eluate from the SSIIIHD affinity column (Table 3.3; Fig. 3.6).  Two 
potentially interesting SSIIIHD binding partners revealed by mass spectrometry are ADPGlc 
pyrophosphorylase, which has a well-known role in starch biosynthesis, and ACC1 involved 
in lipid metabolism.  Finally SSIIIHD, which is known to exist as a discrete fragment in 
amyloplast extracts (Hennen-Bierwagen et al., 2008), binds to GST-SSIIIHD ligand. 
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Co-immunoprecipitation of PPDK with SSIII 
To further confirm that PPDK and SSIII bind to each other, a specific IgG fraction was 
used to immunoprecipitate SSIII and any other proteins to which SSIII is stably bound.  
Proteins present in the precipitate were separated by SDS-PAGE and analyzed by 
immunoblot using antibodies raised against maize endosperm PPDK.  A signal at 
approximately 95 kDa was detected in the immunoprecipitate from wild type endosperm cell 
extracts, which matches the expected molecular weight for the mature plastid form of PPDK 
(Matsuoka et al., 1988).  This signal was missing in the analysis of a mutant lacking SSIII 
and in a control experiment in which the precipitating antibody was omitted (Fig. 3.7A).  
Therefore, the presence of PPDK in the immunoprecipitate depends on SSIII.  Further 
confirmation was provided by MS/MS data, which identified PPDK as a clearly 
distinguishable band in the immunoprecipitate (Fig. 3.7B).  The molecular weight of the 
PPDK band detected by MS/MS is approximately 70 kDa, indicating a proteolytic fragment.  
That signal was again dependent on SSIII, because it was absent in the du1
-
 mutant (Fig. 
3.7B) and when the SSIII-specific antibody was omitted (data not shown). 
Discussion 
Assembly of Starch Biosynthetic Enzymes Into Quaternary Structures 
The GPC results shown here consistently indicate starch biosynthetic enzymes 
associate in two high molecular weight complexes.  Based on elution volumes and 
comparison to molecular weight standards the size of the two complexes can be estimated 
very roughly at 600-kDa and 300-kDa.  The resolution of these columns is insufficient to 
define precise molecular weights, in large part because hydrodynamic volume is a critical  
Figure 3.7.  Co-immunoprecipitation of SSIIIHD and PPDK.  A. Detection by immunoblot.  
Proteins in total endosperm cell lysates from the indicated maize lines were 
immunopreciptated with αDU1NP, separated by SDS-PAGE, and probed with the indicated 
antisera.  Total lysate prior to immunoprecipitation was analyzed in parallel.  B.  Detection by 
MS/MS.  The αDU1NP immunoprecipates shown in panel A were stained with SYPRO Ruby, 
and the bands indicated as “a” and “b” were excised and analyzed for protein identification by 
MS/MS.  Peptide sequences identifed from each band are indicated, as are the maize proteins 
identified.
B.
150
250
75
100
a
b
WTdu1-
SYPRO ruby stain
Immunoprecipitate MS/MS data Protein ID
Maize SSIII
Maize PPDK
VEIGIDK
MFLVSQK
YGTIPIVR
QAESIIGVPEK
QQQSIVHIVEPK
SINQITGLR
αPPDK 
immunoblot
150
250
75
100
αDU1NP 
immunoblot
WT
-αDU1NP:
Genotype:
+ +
du1-WT du1-WT
Immunoprecipitate Total lysate
A.
150
250
75
100
128
129 
factor in mobility through the matrix (Hernandez et al., 2008).  Therefore the terms C600 and 
C300 used to refer to these elution peaks should not be taken to infer their molecular weights 
are specifically known.  This is especially applicable for the C600 peak, which elutes close to 
the exclusion volume of the column. 
The results of this study indicate that SSIIa, SBEIIa, SBEIIb, and SSIII associate in a 
single structural unit of approximately 600-kDa, as opposed to existing in independent 
multimers that happen to elute through GPC at the same molecular weight.  Elimination of 
any one of these proteins alters the assembly state of the complex that contains all the others.  
This is particularly obvious in the case of C600 peak as defined by the presence of SSIII, 
which displays an altered elution profile when either SSIIa or SBEIIb are eliminated.  
Conversely, in the absence of SSIII none of the other proteins are able to assemble into a 
C600 complex.  This assembly interdependence provides evidence suggesting that these four 
proteins are present in the same quaternary structure.  
In addition, a second stable complex exists independently of SSIII, which has an 
approximate molecular weight of 300-kDa.  SSIIa and both SBEII isoforms are found to 
co-migrate in the GPC column.  SSIIa appears to be the coordinating factor for C300 
assembly because in its absence neither SBEIIa nor SBEIIb are found in any high molecular 
weight form, even though SSIII remains present. Thus, it appears SSIIa mediates the 
assembly of SBEIIa and SBEIIb into either high molecular weight complex.  SSIIa assembly 
into the C300 complex is essentially unaffected by loss of any of the other three proteins.  
The presence of a relatively small amount of SSIII detected in the AEC fractions containing 
C300 is likely to result from contamination with either free monomer on the lower molecular 
weight side of the peak or a trace of C600 from the high molecular weight side of the peak. 
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From these data we propose a model for a two-step process by which the starch 
biosynthetic machinery is assembled (Fig. 3.8).  In the first step, SSIIa is the key for 
assembly of SBEIIa and SBEIIb into the C300 structure.  These associations are based on 
protein-protein interactions as shown by the fact complete enzymatic hydrolysis of glucan 
polymer in the soluble amyloplast extracts does not prevent C300 assembly. In the second 
step, C300 is recruited into C600 by binding SSIII, again based on protein-protein 
interactions.  The protein binding function of SSIIIHD allows for association with C300 
through the proposed coiled-coil structure, thus positioning the catalytic regions of all four 
proteins in close proximity to each other.  The glucan binding function of SSIII, mediated by 
the specific SBDs in the conserved homology domain, recruits the entire assembly to a 
growing glucan polymer, possibly at the granule surface.  The model suggests that this 
complete association of enzymes and substrate confers architectural specificity of the 
amylopectin produced. 
C600 and C300 are both stable complexes because they remain associated through 
three successive purification techniques, i.e., amyloplast isolation and extraction, GPC, and 
AEC.  Another indication of the stability of the complexes is the observation that they exist 
in a wide range of salt conditions.  In previous work these complexes were characterized in 
both near physiological ionic strength salt and also high salt conditions, specifically 1 M 
NaCl (Hennen-Bierwagen et al., 2008).  Here C600 and C300 are also found to exist in a 
buffer essentially lacking any salt ions.  For some components, for example SBEIIb, the high 
salt condition appears to favor their abundance in C600, potentially owing to hydrophobic 
effects.  Even when the GPC is run in the no salt buffer, however, all the components are  
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Figure 3.8.  Model for C300 and C600 complex assembly.  SBEIIa and SBEIIb are proposed 
to join a precursor quaternary structure dependent on the presence of SSIIa, thus forming the 
C300 complex.  Subsequently, C300 binds to SSIII, potentially through the coiled-coil 
domains located in the conserved SSIIIHD region (blue line), thus forming the C600 
complex.  C600 also binds to a glucan (black line) through the starch binding domains (SBD) 
also located in SSIIIHD.  This assocation is distinct from glucan binding within the catalytic 
regions of each of the individual enzymes.  This SBD binding is proposed to position the 
C600 complex on the growing amylopectin molecule, where the four or more individual 
catalytic domains operate in a spatially coordinated fashion.  The model does not intend to 
indicate stochiometry of any of the components, nor does it imply that these are the only 
proteins present in either complex.  The order of addition of glucan vs. C300 to SSIII is not 
meant to be specified.   
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maintained in both complexes through the AEC gradient (Fig. 3.4), thus illustrating the 
strength of the protein-protein interactions. 
Additional Proteins Associated with SSs and BEs in Multi-Subunit Complexes 
Co-elution of SSIIa, SBEIIa, SBEIIb, and SSIII from C600 through the AEC 
purification step, and of the first three of those proteins in the AEC-purified C300 complex, 
provided further support that the starch biosynthetic enzymes exist in the same quaternary 
structure.  This partial purification afforded the ability to use proteomic methods to identify 
any other proteins that might also be present in C300 and/or C600.  The identification of 
starch phosphorylase, an enzyme active on glucan substrates, provides validation of this 
technique, because that protein had previously been observed to co-immunoprecipitate with 
SBEIIa in wheat amyloplast extracts (Tetlow et al., 2004). 
The data demonstrated clearly that in cell lysates PPDK is present in a stable high 
molecular weight complex that also contains SSIII and other starch biosynthetic enzymes.  
PPDK co-purified with the starch biosynthetic enzymes in C600 through the GPC and AEC 
columns, and also bound SSIIIHD used as an affinity ligand, and was co-immunoprecipited 
from maize endosperm extracts by antibodies specific for SSIII.  These consistent results 
from three independent methods leave no doubt that PPDK is able to physically associate 
with SSIII and/or other components of C600 in cell extracts, and should prompt further 
investigation of whether this interaction is physiologically significant. 
PPDK was initially characterized as a plastidial enzyme that generates the phosphoenol 
pyruvate (PEP) that is used for CO2 fixation in C4 plants (Hatch, 1987).  The enzyme 
converts pyruvate to PEP, using ATP and inorganic phosphate, also generating AMP and 
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inorganic pyrophosphate (PPi) as products.  Endosperm tissue from maize, wheat, and rice 
has been shown to contain PPDK (Meyer et al., 1982; Aoyagi and Bassham, 1984; 
Sadimantara et al., 1996; Vensel et al., 2005; Mechin et al., 2007).  PPDK has been further 
localized to maize amyloplasts (F. Grimaud and V. Planchot, unpublished results).  Finally, 
localization of PPDK to starch granules was detected in developing barley grain (Boren et al., 
2004), consistent with a plastidial location within endosperm cells.  SSIII has recently been 
detected in starch granules as well, in this instance from maize endosperm (Grimaud et al., 
2008), so that association of the two enzymes within granules is possible. 
Direct interactions in an enzyme complex between PPDK and SSs and/or SBEs could 
be a physiologically significant means of coordinating global aspects of metabolism as 
endosperm tissue develops.  During maize development a rapid rise in expression of PPDK at 
approximately 21 DAP is coincident with the maximal expression of starch biosynthetic 
enzymes (Mechin et al., 2007).  One potential role of PPDK in endosperm, where C4 
metabolism is not active, is production of three carbon compounds used as precursors for 
amino acid biosynthesis (Chastain et al., 2006).  Another role proposed recently is that PPDK 
serves as a regulator of carbon partitioning between starch and protein during grain filling in 
the endosperm (Mechin et al., 2007).  More specifically, PPDK activity increases the 
concentration of PPi and reduces ATP concentration in the cytosol.  These metabolite levels 
would inhibit synthesis of ADPGlc, because PPi is a product of that reaction, thus reducing 
starch biosynthesis.  The close physical association of PPDK with SSIII, which itself has 
been implicated as a regulatory factor for starch biosynthesis, reveals a potentially novel 
means of coordinating this aspect of metabolic flux. 
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SuSy binding to starch biosynthetic enzymes was also demonstrated by three methods, 
specifically co-elution with C300 through the AEC purification step (Table 3.2), affinity 
purification using SSIIIHD as the solid phase ligand (Table 3.3), and co-immunoprecipitation 
(Q. Lin, unpublished results).  Additionally SuSy co-eluted with C600 when the starting 
material for the purification was total endosperm extract (T. A. H.-B., unpublished results).  
The fact that this protein was detected both by binding to SSIIIHD, and co-purification with 
C300, which lacks SSIII, is not inconsistent because the associations could be mediated by 
intermediary proteins.  SuSy is typically thought of as a cytosolic protein, however, in potato 
amyloplasts this enzyme has been identified by proteomic methods (Stensballe et al., 2008).  
A functional role for direct association between starch biosynthetic enzymes and SuSy is not 
immediately obvious, although the reproducibility of the observed interaction should warrant 
further investigation of potential physiological significance. 
SuSy and PPDK have been highlighted here because they are found associated with 
starch biosynthetic enzymes by three separate methods.  Other proteins identified in the 
proteomic studies only from the co-purification analyses are likely to be amyloplast proteins 
that happen to co-elute with the starch biosynthetic enzyme complexes, without being part of 
the same quaternary structure, for example the many heat shock proteins present or acetyl-
CoA synthase.  The presence of the large subunit of ADPGPP in the C300 AEC fractions is 
potentially interesting, in light of the previous speculation that PPDK serves to regulate 
ADPGPP activity.  Further indication of ADPGPP binding comes from immunoprecipitation 
studies using SSIII-specific antibodies, which detected the small subunit of the enzyme (Q. 
Lin, unpublished results).  Still more evidence for this interaction was obtained from co-
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purification studies starting with total endosperm extract, in which the ADPGPP small 
subunit was observed in the C300 AEC fractions (T. A. H.-B., unpublished results). 
SSI was not detected in these studies, which is expected to reside in the C600 and/or 
C300 complex.  Well characterized antibodies that clearly recognize maize SSI are not 
currently available, nor is any maize mutant affecting SSI known, nor was the protein 
detected by proteomic data.  However, other lines of evidence indicate interactions between 
SSI and starch biosynthetic enzymes, including yeast two hybrid analysis and affinity 
chromatography using immobilized SSI as the solid phase ligand (Hennen-Bierwagen et al., 
2008; Tetlow et al., 2008).  Interactions of SSI with SSIIIHD, SBEIIa, and SBEIIb were 
identified in these studies.  Thus, it is likely that further analyses of the complexes partially 
purified here will reveal the presence of SSI.  Also not detected by proteomics in the C600 
and C300 complexes were SSIIa, SBEIIa, and SBEIIb, which were shown to be present by 
immunoblot analyses.  Proteomic characterizations of amyloplast proteins also failed to 
detect all the starch biosynthetic enzymes, even though their presence is well documented 
(Mechin et al., 2007; Stensballe et al., 2008).  Thus, it appears that proteomics does not 
readily detect these starch biosynthetic enzymes either due to resistance to proteolytic 
digestion or masking by other abundant proteins running in the same gel bands, such as the 
heat shock proteins. 
In summary, this study has demonstrated that SSIII, SBEIIa, SBEIIb, and SSIIa all 
associate in multi-subunit complexes, and that SBEIIa, SBEIIb, and SSIIa also assemble into 
a smaller, stable complex(es).  In addition, other proteins were identified that are likely to 
also reside in the same complexes.  Of particular interest is PPDK, which has been proposed 
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as a modulator of the distribution between starch and protein synthesis during the latter 
stages of endosperm maturation. 
Materials and Methods 
Plant Materials and Amyloplast Purification 
Growth of maize plants and preparation of amyloplast-enriched extracts from 
developing endosperm tissue were described previously (Hennen-Bierwagen et al., 2008).  
Mutations utilized were as follows: du1-M3, a null allele with a Mutator transposon insertion 
in the first exon of the gene coding for SSIII (M.G.James., unpublished results); su2-19791, 
an uncharacterized, spontaneous null mutation in the gene coding for SSII (Zhang et al., 
2004); (Blauth et al., 2001); ae
-
B, a 882 bp deletion in the gene coding for BEIIb that 
removes all of exon 9 (Genbank accession no. AF072725) (Fisher et al., 1996) (Marna 
Yandeau-Nelson and Mark Guiltinan, personal communication);  All mutant alleles were 
backcrossed into the W64A inbred line. 
Affinity Chromatography 
GST-SSIIIHD was expressed in E. coli from plasmid pTB-3829, and bound to 
glutathione-Sepharose 4B affinity matrix, as previously described (Hennen-Bierwagen et al., 
2008).  The affinity matrix was equilibrated in 1X binding-wash buffer (20 mM Tris-HCl, pH 
7.5, 150 mM NaCl, 0.1% Triton X-100, 5 mM DTT).  Amyloplast extract from wild type 
inbred line W64A, in 1X amyloplast-rupture buffer (100 mM Tricine-KOH, pH 7.8, 1 mM 
EDTA, 1 mM DTT, 5 mM MgCl2, 1X protease inhibitor cocktail [Sigma catalog no. 
P9599]), was passed over a 1 mL bed volume column of either glutathione-Sepharose 4B 
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bound to GST-SSIIIHD or a control column to which no protein had been bound.  The 
columns were washed in 25 bed volumes of 1X binding-wash buffer, then eluted in 50 mM 
Tris-acetate, pH 7.5 with specified concentrations of KCl.  Bound proteins were eluted in 
five1 mL sequential steps of increasing KCl concentration, from 0.2 M to 1.0 M.  Fractions 
of 1 mL were collected at each step.  In other instances the column was eluted in two steps, 
of 0.6 M KCl and 1.0 M KCl.  Fractions were concentrated 10-fold in Millipore Ultrafree 
cellulose spin filters, molecular weight cutoff 5,000 Da (Fisher catalog no. UFC3LCC00). 
Immunoblot Analysis and Protein Staining 
Protein samples from GPC fractions, AEC fractions, or affinity chromatography 
fractions were separated by SDS-PAGE in pre-cast 7.5% acrylamide gels (BioRad catalog 
no. 161-1154 or 345-0006).  Some of the gels were stained with SYPRO Ruby (BioRad 
catalog no. 170-3126), according to manufacturer's instructions and the proteins in other gels 
were visualized by silver staining according to a previously published procedure (Blum et al., 
1987).  Immunoblot analyses were performed used the antisera BEIIab, SSIIa, or BEI, or 
the affinity purified IgG fractions SSIIIHDP, as previously described (Hennen-Bierwagen et 
al., 2008). 
GPC and AEC 
The GPC procedures used in this study were described previously (Hennen-Bierwagen 
et al., 2008).  Two different column buffers were used as indicated, either high salt buffer 
(HSB) (50 mM sodium acetate, pH 7.0, 1 mM DTT, 1 M NaCl), or no salt buffer (NSB) 
(50 mM Tris-acetate, pH 7.5, 1 mM DTT).  For successive purification steps the GPC 
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analysis was run in NSB, and selected fractions were pooled and applied to a 1 mL bed 
volume MonoQ anion exchange column (GE Healthcare catalog no. 17-5166-01) using an 
AKTA-FPLC instrument.  The AEC column was washed in AEC buffer (20 mM Tris-HCl, 
pH 8.0), and eluted in a gradient of 0 to 1 M NaCl in the same buffer.  The flow rate was 
1 mL per minute, the gradient volume was 20 mL, and 1 mL fractions were collected. 
Immunoprecipitation 
SSIII was immunoprecipitated from endosperm tissue harvested 20 DAP.  The 
precipitating IgG fraction was purified from polyclonal antiserum DU1N by affinity to the 
N-terminal 770 residues of SSIII produced in E. coli (Cao et al., 1999).  The details of the 
affinity purification procedure have been described previously (Hennen-Bierwagen et al., 
2008).  For immunoprecipitation, the purified IgG fraction, referred to as DU1NP, was 
mixed with Protein A-Sepharose CL-4B beads (Sigma catalog no. P-3391) at 4°C for 1 h and 
the beads were then washed in phosphate buffered saline (PBS).  Kernel extracts from wild 
type and the du1-M3 mutant line were prepared as previously described (Hennen-Bierwagen 
et al., 2008).  Approximately 1 mg of total protein extract was incubated with the 
DU1NP/Protein A-Sepharose beads (100 μL bed volume) at 4°C for 1 h with gentle 
agitation.  After centrifugation at 500 x g for 5 min at 4°C to remove the unbound protein, 
the pelleted beads were washed extensively with PBS augmented with 1% NP-40.  Aliquots 
of the beads were boiled in SDS-PAGE loading buffer and applied to gels for immunoblot 
analyses and SYPRO Ruby staining. 
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Mass Spectrometry 
SYPRO Ruby stained gels were visualized by UV fluorescence on a transilluminator 
and protein bands were excised with a scalpel.  The acrylamide gel slices were provided  to 
the Proteomics and Mass Spectrometry Facility, Donald Danforth Plant Science Center (St. 
Louis, MO), and the proteins present were analyzed by electrospray MS-MS according to 
facility procedures (http://www.danforthcenter.org/pmsf).  Data were analyzed using 
SCAFFOLD software (http://www.proteomesoftware.com). 
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Tables 
Table 3.1.  Identification of C600-Associated Proteins by Mass Spectrometry 
Band Identified 
protein 
Protein family Accession 
no. (gi) 
Unique 
peptides 
Predicted 
Mra (kDa) 
Observed  
Mrb (kDa) 
1 SSIII Starch synthase 3057120 8 188 200 
1 ACCIA Acetyl-CoA carboxylase 32264940 4 257 200 
2 SSIII Starch synthase 3057120 7 188 175 
2 Unknownc Clathrin heavy chain 115483737 24 192 175 
3 SSIII Starch synthase 3057120 8 188 140 
3 Unknownc Spliceosomal-like protein 125580741 2 135 140 
4 SSIII Starch synthase 3057120 5 188 140 
4 Unknownc 26S proteosome subunit 116310118 7 109 140 
4 Unknownc RNA-binding protein RP120 115446411 2 108 140 
5 PPDK Pyruvate orthophosphate dikinase 62738111 9 95d 105 
5 Unknownc 26S proteosome subunit 115444199 4 98 105 
5 Unknownc Cell division cycle protein CDC48 110289141 4 90 105 
6 Unknownc 26S proteosome subunit 115444199 10 98 100 
6 Unknownc Cell division cycle protein CDC48 110289141 3 90 100 
6 Unknownc Importin-beta 2 115489162 2 96 100 
6 Unknownc Putative initiation factor eIF-3b 115483552 2 83 100 
7 Unknownc Stromal HSP70 115487998 7 74 73 
7 Unknownc Stromal HSP70 115440955 6 71 73 
7 Unknownc Stromal HSP70 125593660 3 73 73 
a Mr values of full-length proteins are indicated, i.e., before removal of plastid- or other targeting 
sequences, unless otherwise indicated. 
b Observed Mr values were estimated based on comparison to that of known standard proteins (Fig. 3.5). 
c Unknown proteins are those for which maize cDNA or genomic DNA sequences are not yet included in 
the public dataset.  Protein family assignment is made based on identity between the peptide sequences and 
known protein sequences from rice, together with BLAST analysis to identify related proteins in other species.  
Database accession numbers are for the predicted rice protein. 
d Predicted molecular mass is for the mature protein after cleavage of the plastid targeting peptide. 
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Table 3.2.  Identification of C300-Associated Proteins by Mass Spectrometry 
Band Identified 
protein 
Protein family Accession 
no. (gi) 
Unique 
peptides 
Predicted 
Mra (kDa) 
Observed  
Mrb (kDa) 
a ACCIA Acetyl-CoA carboxylase 32264940 21 257 270 
c Unknownc Starch phosphorylase 108711180 3 105 105 
d SuSy1 Sucrose synthase 1 (sh1 gene) 135060 8 92 85 
d Unnamed Endosperm specific protein 2104712 2 43 85 
e SuSy1 Sucrose synthase 1 (sh1 gene) 135060 2 92 85 
e Unknownc Heat shock protein 82 417154 7 82 85 
f SuSy1 Sucrose synthase 1 (sh1 gene) 135060 2 92 85 
f HSP82 Heat shock protein 82 477226 6 82 85 
f Unknownc Heat shock protein 82 417154 2 82 85 
g SuSy1 Sucrose synthase 1 (sh1 gene) 135060 7 92 75 
h SuSy1 Sucrose synthase 1 (sh1 gene) 135060 7 92 75 
h HSP82 Heat shock protein 82 477226 5 82 75 
h Unknownc Heat shock protein 82 417154 7 82 75 
h Unknownc Starch phosphorylase 108711180 2 105 75 
h Unknownc Stromal HSP70 15233779 2 77 75 
a Mr values of full-length proteins are indicated, i.e., before removal of plastid- or other targeting 
sequences. 
b Observed Mr values were estimated based on comparison to that of known standard proteins (Fig. 3.5). 
c Unknown proteins are those for which maize cDNA or genomic DNA sequences are not yet included in 
the public dataset.  Protein family assignment is made based on exact matches between the peptide 
sequences and known protein sequences from rice or Arabidopsis, together with BLAST analysis to identify 
related proteins in other species. 
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Table 3.3.  Identification of SSIIIHD-Binding Proteins by Mass Spectrometry 
Band Identified 
protein 
Protein family Accession 
no. (gi) 
Unique 
peptides 
Predicted 
Mra (kDa) 
Observed  
Mrb (kDa) 
a Unknownc Chloroplast HSP70-1 15233779 3 77 74 
a SBEIIb Maize branching enzyme IIb 1169911 2 91 73 
b Unknownc Stromal HSP70 115487998 8 74 72 
3 PPDK Maize pyruvate orthophosphate 
dikinase 
62738111 16 95d 95 
4 SuSy1 Sucrose synthase 1 (sh1 gene) 135060 12 92 85 
4 PPDK Maize pyruvate orthophosphate 
dikinase 
62738111 16 95d 85 
5 PPDK Maize pyruvate orthophosphate 
dikinase 
62738111 2 95d 70 
6 ADPGPP Maize ADPGlc pyrophosphorylase 
large subunit (sh2 gene) 
1707924 7 57 57 
6 PPDK Maize pyruvate orthophosphate 
dikinase 
62738111 4 95d 57 
6 SSIIIHD Maize starch synthase III 
homology domain 
3057120 4 188 57 
a Mr values of full-length proteins are indicated, i.e., before removal of plastid- or other targeting 
sequences, unless otherwise indicated. 
b Observed Mr values were estimated based on comparison to that of known standard proteins (Fig. 
3.6B). 
c Unknown proteins are those for which maize cDNA or genomic DNA sequences are not yet included in 
the public dataset.  Protein family assignment is made based on exact matches between the peptide 
sequences and known protein sequences from rice or Arabidopsis, together with BLAST analysis to identify 
related proteins in other species. 
d Predicted molecular mass is for the mature protein after cleavage of the plastid targeting peptide. 
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CHAPTER 4.  DIRECT PROTEIN-PROTEIN INTERACTIONS AMONG 
RECOMBINANT MAIZE STARCH BIOSYNTHETIC ENZYMES 
A manuscript in preparation  
Tracie A. Hennen-Bierwagen, Martha G. James, and Alan M. Myers 
Abstract 
Maize starch synthases (SS) and starch branching enzymes (SBE) are known to exist in 
high molecular complexes, however, the specific interactions between them are unknown.  
To test for direct protein-protein interactions, three full-length maize enzymes (SSI, SBEIIa, 
and SBEIIb) and one conserved domain known to participate in complex formation 
(SSIIIHD) were expressed in E. coli and purified.  Pull-down experiments revealed direct 
binding between SSIIIHD and SSI, SBEIIa, and SBEIIb.  This binding occurred in the 
absence of any other maize factors.  Solid phase recombinant SSIIIHD and SSI were 
phosphorylated after incubation with soluble extracts of maize amyloplasts for subsequent 
pulldown analyses.  Phosphorylation of SSIIIHD enhanced its ability to bind SSI.  These data 
provide novel information about the specificity of interactions between starch biosynthetic 
enzymes, and further demonstrate that phosphorylation is likely to play a regulatory role in 
assembly and activity of the complexes. 
Introduction 
All photosynthetic species, from unicellular green alga to land plants, produce starch as 
a means of storing chemical energy against future need, whether for continued daily 
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metabolic functions in the absence of light, or to provide for the next generation.  Starch is 
one of the most abundant molecules found in nature and as such, has been a crucial 
component in animal and human diets for millennia.  The simple chemical composition of 
starch belies the complexity of its structural assembly and thus its function.  The two glucose 
homopolymers of starch, amylose and amylopectin, consist of linear chains of -(14) 
linked glucose units.  Amylopectin is distinguished by a relatively high frequency of non-
randomly placed -(16) branch linkages that allow for the semi-crystalline nature of starch.  
In order to achieve the specific architecture of amylopectin, multiple families and classes of 
starch biosynthetic enzymes must work in an intricately regulated and coordinated manner.   
Starch synthases (SSs) catalyze the -(14) linked addition of glucose from the 
nucleotide donor molecule ADP-glucose to the non-reducing end of a growing glucan 
acceptor chain.  Starch branching enzymes (SBEs) cleave -(14) linkages, releasing chains 
that are then transferred to free C6 hydroxyls of the same or neighboring glucan molecule via 
-(16) linkages, thus forming branch points.  Starch debranching enzymes (DBEs) are 
active in both the synthesis and degradation of starch and act by hydrolyzing -(16) branch 
points.  The most widely accepted model for the role of DBEs in starch synthesis suggests 
that these enzymes act in an editing function by trimming aberrantly placed branches thus 
allowing crystallization of amylopectin to occur (Myers et al., 2000).  It is apparent the 
activities of SSs, SBEs, and DBEs must be highly coordinated and regulated within the starch 
biosynthetic pathway, if only to avoid a futile branching/debranching cycle, and also as a 
means of attaining the crystallization-competent architecture of amylopectin. 
Starch biosynthesis doesn’t occur in isolation, however, but is integrated with and 
regulated by the photosynthate needs of other metabolic pathways in plants.  For example, 
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carbon partitioning between starch and protein synthesis changes reciprocally during grain 
filling, so it is reasonable to expect that enzymes of the two pathways communicate by as yet 
undefined molecular mechanisms, but likely involving protein-protein interactions (Mechin 
et al., 2007). 
Genetic evidence from numerous mutant studies over the years, particularly in maize, 
indicated each of the SSs, SBEs, and DBEs do not act independently during starch 
biosynthesis, but influence the activities of other proteins involved in this pathway 
(Mangelsdorf, 1947; Boyer and Preiss, 1981).  These observations suggested that the 
activities of SS, SBE, and DBE were interconnected, however, the molecular mechanisms 
governing these interactions were not known.  Recent studies in maize and wheat amyloplast 
protein extracts have found that starch biosynthetic enzymes, specifically SSs and SBEs, 
associate in multi-subunit complexes mediated by protein-protein interactions (Tetlow et al., 
2004; Hennen-Bierwagen et al., 2008; Tetlow et al., 2008).  Partial purification of two high 
molecular weight complexes, C600 and C300, in maize identified SSIIa, SBEIIa, and SBEIIb 
as co-members of C300 and, when this complex is bound to SSIII, form C600 (Hennen-
Bierwagen et al., 2008; Hennen-Bierwagen et al., 2008).  Complexes of similar molecular 
weight as maize C300 observed in wheat were shown to include SSI, SSIIa, and either 
SBEIIa or SBEIIb (Tetlow et al., 2008).  The identification of these starch biosynthetic 
enzyme-containing complexes confirms the genetic observations indicating that these 
enzymes interact during starch synthesis, however the mechanism of interaction is still 
unknown.   
The objective of this current study was to determine whether the assemblies observed 
among maize SSI, SSIIa, SSIII, SBEIIa, and SBEIIb are due to indirect or direct 
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protein-protein interactions.  A number of proteins that are able to interact with immobilized 
bait ligand, for example SSIII and SSI, were identified in soluble amyloplast cell extracts 
(Hennen-Bierwagen et al., 2008; Hennen-Bierwagen et al., 2008).  These interactions may be 
direct, or intermediary protein partner(s) present in the lysates may be responsible for these 
observations.  Furthermore, specific cellular conditions, such as the presence of enzyme 
co-factors, or post-translational modifications such as phosphorylation, may be required for 
any particular protein to associate with the affinity ligand.  The latter consideration is 
particularly relevant because previous results showed that in several instances 
co-immunoprecipitation of specific groups of starch biosynthetic enzymes is affected by the 
phosphorylation state of some or all of the interacting proteins (Tetlow et al., 2004; Tetlow et 
al., 2008). 
In an effort to show that direct protein-protein interactions occur between specific 
starch biosynthetic enzymes, this research focused on utilizing recombinant protein 
technology in a bacterial expression system.  The data presented describe recombinant maize 
protein expression in E. coli, affinity purification of tagged proteins for solid-phase and 
mobile phase interaction partners, and identification of specific pair-wise reconstitution of 
protein-protein interactions in vitro by affinity chromatography, i.e., pull-down assays, and 
immunoblot analyses.  In several instances pairs of maize starch biosynthetic enzymes 
produced in E. coli were found to bind directly to each other.  In addition, the effect of 
phosphorylation of one or both interaction partners on protein binding was investigated, and 
binding was shown to be enhanced by that post-translational modification. 
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Results and Discussion 
Purification of Recombinant Maize SSs and SBEs 
The presence of starch biosynthetic enzymes from both maize and wheat in high 
molecular weight complexes has been well established, however, the molecular nature of 
specific protein-protein interactions that account for these complex assemblies remain to be 
discovered.  Towards this aim, four different maize starch biosynthetic enzymes were 
expressed in E. coli and purified.  Maize cDNAs coding for the mature forms, i.e. lacking 
plastid-targeting peptides, of SSI, SBEIIa, and SBEIIb were cloned into expression vectors 
downstream of the strong inducible T7 promoter.  For subsequent affinity purification the 
vector also encodes an N-terminal S-tag fusion sequence (Ho et al., 1996) and a proteolytic 
cleavage site immediately upstream of the inserted maize cDNA sequence.  The recombinant 
proteins as they are expressed in E. coli are referred to as S-SSI, S-SBEIIa, and S-BEIIb. 
A specific region of SSIII was cloned into a similar expression vector carrying the same 
promoter and cleavage site, but with the glutathione-S-transferase (GST) N-terminal fusion 
tag (Ausubel et al., 1989).  The portion of SSIII expressed comprises residues 770-1225.  
This region of the protein is referred to as the SSIII-homology domain (SSIIIHD), because 
the amino acid sequence is highly conserved specifically in this class of SS, outside of the 
catalytic region (Gao et al., 1998).  This recombinant protein is referred to as GST-SSIIIHD. 
The maize enzyme expression plasmids were transformed into one of several E. coli 
strains engineered to support over-expression of non-native proteins by IPTG induction.  For 
each maize protein expression, conditions were optimized with regard to induction time, 
IPTG concentration, host strain, growth temperature, and solubility.  Induced or un-induced 
total soluble protein extracts were separated by SDS-PAGE and protein over-expression was 
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visualized by Coomassie blue total protein stain (Fig. 4.1A).  GST-SSIIIHD and S-SBEIIa 
were seen to express well compared to the uninduced controls, whereas the induced S-SSI 
and S-SBEIIb were harder to distinguish.  In order to ensure each of the recombinant proteins 
expressed at their expected molecular weight, immunoblot analyses using specific antibodies 
detected appropriate sized bands for each fusion protein (Fig. 4.1B).  In the case of S-SSI a 
specific proteolytic cleavage fragment was detected but it is unclear if this fragment was 
generated in either the E. coli cells or the protein extracts.  This approximately 40 kDa form 
of SSI is from the amino terminus of the fusion protein as shown by the fact that the S-tag is 
detected in protein blots using an S-protein probe (data not shown). 
Recombinant proteins were purified based on affinity of the N-terminal tag for specific 
immobilized ligands.  Total soluble lysates expressing the S-tagged proteins were applied to 
S-protein agarose, and the lysate with GST-SSIIIHD was applied to Glutathione-sepharose.  
After binding, the columns were washed extensively in high salt buffer with the intent of 
removing any extraneous E. coli proteins.  After re-equilibration in binding/wash buffer, 
aliquots from each affinity column were boiled to release the bound recombinant proteins 
and these were analyzed by SDS-PAGE.  Coomassie staining detected effective purification 
of all of the four fusion proteins, each of which matched their expected molecular weight 
(Fig. 4.1C).   
The proteins bound to the appropriate matrix were used as the solid phase in subsequent 
pull-down assays.  In addition, each fusion protein was purified from the matrices either by 
proteolytic cleavage to release the maize protein from the S-tag, or by elution with excess 
free glutathione ligand to release GST-SSIIIHD.  The freed, purified proteins were visualized 
by Coomassie blue staining after SDS-PAGE and shown to migrate at the expected  
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Figure 4.1.  Expression and affinity purification of recombinant maize proteins.  A) GST-
SSIIIHD, S-SBEIIa, S-SBEIIb, and S-SSI proteins were expressed  in E. coli.  Total soluble 
proteins were separated on SDS-PAGE gels and visualized with Coomassie blue protein 
stain.  B) Immunoblots of uninduced and induced total protein extracts.  Antibodies that 
recognize SBEIIa, SBEIIb, and SSI were used to detect each induced, tagged recombinant 
maize protein whereas α-GST was used to detect GST-SSIIIHD.  C) Coomassie stained SDS-
PAGE gels of tagged fusion proteins bound to the appropriate affinity matrix.  GST-SSIIIHD 
was purified on GST Sepharose and S-SSI, S-SBEIIa, and S-SBEIIb were purified on S-
agarose.  Each protein was then released from the column matrix.  “M”- protein standards, 
“U”- uninduced control, “I”- induced recombinant maize protein, “C”- Affinity purified 
protein bound to column matrix, “P”- purified protein. 
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molecular weight (Fig. 4.1C).  For the three S-tag fusion proteins a slight reduction in 
molecular weight was noted after release from the beads, as expected for cleavage and 
removal of the S-tag.  The released maize proteins were then used as the mobile phase in 
pull-down assays. 
Direct Protein-Protein Interaction Detection by Affinity Pull-down Assays 
Pairs of proteins previously shown to exist in the same multi-subunit complex were 
tested for the ability to bind each other in a minimal reconstituted system.  Direct, physical 
interactions between pairs of starch biosynthetic enzymes in the absence of native kinases, 
co-factors, or other intermediary proteins were observed in several instances.  Each assay 
was performed between pairs of starch biosynthetic enzymes using one ligand bound to the 
matrix, and one purified protein in the mobile phase.  After incubating the mobile and solid 
phase proteins, the flowthrough fraction was collected, the column was washed extensively, 
and the final wash volume was also collected for subsequent analysis.  Aliquots of each 
column matrix containing the bound ligand and the potential interaction partner were boiled 
in SDS-PAGE sample buffer and after electrophoretic separation the released proteins were 
visualized by immunoblot analyses.  For each pair the test was performed in reciprocal 
orientation in regard to which protein was the solid phase and which was the mobile phase. 
In these experiments, if binding occurs between two proteins, then when the matrix is 
boiled the mobile phase protein will be detected.  A clear positive result was observed when 
GST-SSIIIHD bound to the matrix was exposed to purified SSI (Fig. 4.2A).  A substantial 
portion of full-length purified SSI interacted with SSIIIHD as shown by comparison of the 
immunoblot signal from equal volumes of the starting material and flowthrough fraction.   
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Figure 4.2.  Pull-down assays.  “I” in the 
column title indicates the protein attached to 
the immobile solid phase matrix prior to 
exposure to any purified protein.  “M” in the 
column title indicates the purified protein 
present in the mobile phase.  “Pulldown” 
indicates an aliquot of the matrix after 
incubation with the mobile phase protein.
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The 40 kDa N-terminal fragment of SSI (Fig. 4.1B,C) was also bound effectively to 
SSIIIHD, thus beginning to roughly localizing the SSIIIHD/SSI interaction site.  As a 
negative control, purified SSI was also passed over empty Glutathione-sepharose beads and 
no binding was observed (data not shown).  These data demonstrate conclusively that 
SSIIHD and SSI bind to each other in the absence of any other maize proteins or 
post-translational modifications. 
Binding was also detected between immobilized SBEIIa and purified GST-SSIIIHD 
(Fig. 4.2B).  Once again a substantial amount of the mobile phase protein was captured.  
Similarly the binding experiment between SBEIIb and mobile phase GST-SSIIIHD revealed 
a direct interaction.  The negative control in which GST-SSIIIHD was incubated with empty 
S-protein agarose beads showed that the recombinant protein did not bind to the matrix in the 
absence of either SBEIIa or SBEIIb (data not shown).   
In one instance combination of recombinant SSIIIHD with another purified protein 
failed to yield a positive signal in the pull down assay.  When S-SSI was on the solid phase 
matrix and mobile GST-SSIIIHD was applied, no pull down signal was observed (data not 
shown).  Thus, the binding of SSIIIHD and SSI was not detected in the reciprocal orientation. 
Binding between SSIIIHD and SBEIIa or SBEIIb was also tested in the reverse orientation 
from that shown in Figs. 4.2B and 4.2C.  Owing to technical issues the results of these 
experiments were inconclusive (data not shown). 
The explanation for why SSIIIHD and SSI bound to each other only in one orientation 
of the pull down assay most likely relates to the interactions of the N-terminal fusions with 
the structure of the maize enzymes.  GST-SSIIIHD is able to bind mobile SSI, whereas when 
GST-SSIIIHD is in the solution phase it is unable to bind immobilized S-SSI.  Possibly when 
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GST-SSIIIHD is free in solution the N-terminal fusion tag domain is flexible and as a result 
interferes with a binding site on either SSIIIHD or of SSI.  When the GST domain is bound 
to the beads, however, it may be restricted in its molecular motions and thus fail to interfere 
with the interaction between SSIIIHD and SSI.  Another difference between the two different 
orientations is the presence of the S-tag.  When SSI is immobilized the S-tag is present, and 
could potentially interfere with the SSIIIHD interaction, whereas when purified SSI is in the 
mobile phase the S-tag has been removed. 
These data reveal that specific starch biosynthetic enzymes bind directly to each other, 
whereas previously published observations could be explained by either direct or indirect 
interactions (Tetlow et al., 2004; Hennen-Bierwagen et al., 2008; Tetlow et al., 2008).  The 
results, therefore, begin to define how the multi-subunit complexes seen in wheat and maize 
are constructed.  Future investigations can now be directed towards fine mapping of specific 
interaction sites among these enzymes. 
In addition to its protein binding function, the SSIIIHD region of the full-length SSIII 
protein also contains structures that mediate glucan binding (Palopoli et al., 2006; Valdez et 
al., 2008).  In the amyloplast extract system, elimination of endogeous glucan did not effect 
complex formation (Hennen-Bierwagen et al., 2008).  Therefore the interactions seen here in 
the recombinant system are also likely to be mediated by protein interactions and not by a 
function of glucan binding.  
Phosphorylation of SSI and SSIIIHD By Protein Kinases in Amyloplast Extract 
Previous observations showed that co-immunoprecipitation of SSI with other starch 
biosynthetic enzymes, particularly SSIIa, SBEIIa, and SBEIIb, is affected by the 
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phosphorylation state of one or more binding partners (Tetlow et al., 2004; Tetlow et al., 
2008).  These data prompted investigation of whether or not the recombinant maize enzymes 
could be phosphorylated by native protein kinases present in amyloplast extracts, and if so, 
whether that phosphorylation state affected interaction with other recombinant proteins.  The 
strategy of the experiments was as follows.  Recombinant proteins immobilized on a matrix 
were incubated with amyloplast extracts in the presence of exogenous ATP.  The solid phase 
matrix was then washed extensively including a 1 M KCl incubation, in order to remove any 
interacting proteins from the extract.  Phosphorylation of the recombinant protein was 
visualized by staining with Pro-Q Diamond Phosphoprotein Gel Stain.  To test for 
phosphorylation effects on protein binding, an aliquot of the treated solid-phase ligand was 
subsequently de-phosphorylated by addition of alkaline phosphatase, and pull down 
experiments were compared between the phosphorylated and de-phosphorylated matrices. 
Recombinant GST-SSIIIHD and S-SSI were both found to be phosphorylated after 
treatment with amyloplast extract.  Immobile GST-SSIIIHD or S-SSI was incubated with 
amyloplast extract and the treated and untreated ligands were separated by SDS-PAGE.  
Total protein staining by Sypro Ruby demonstrated each sample contained an equal amount 
of protein (Fig. 4.3).  A mixture of commercially characterized phosphorylated and 
non-phosphorylated marker proteins was included in the gels stained with Pro-Q Diamond.  
Only those standards known to be phosphoproteins were detected, demonstrating the efficacy 
of the detection method.  Pro-Q Diamond staining of the treated and untreated recombinant 
proteins clearly indicated that S-SSI and GST-SSIIIHD were phosphorylated in this 
experimental system (Fig. 4.3).  Subsequent treatment by alkaline phosphatase significantly 
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Figure 4.3.  Phosphorylation of recombinant GST-SSIIIHD and S-SSI.  “Extract” indicates 
treatment of the immobilized recombinant protein with soluble amyloplast extract 
supplemented with exogenous ATP.  “CAP” indicates subsequent treatment with calf intestinal 
alkaline phosphatase using the indicated units of enzyme.  “M” indicates molecular 
weight/phosphorylation state standards.
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reduced the Pro-Q Diamond signal, which further confirmed that this stain is 
phosphoprotein-specific.  
Phosphorylation of SSIIIHD Affects SSI Binding 
The phosphorylated and de-phosphorylated forms of the solid phase GST-SSIIIHD 
were compared by their ability to bind unmodified recombinant SSI.  Notably, the two 
different samples of the GST-SSIIIHD matrix were treated identically through all incubation 
and washing steps, with the exception that alkaline phosphatase was added to one sample and 
not the other.  Pull-down experiments were performed as in the previous experiment with 
untreated GST-SSIIIHD matrix (Fig. 4.2A).  The SSI pull-down signal was clearly stronger 
for the phosphorylated form of GST-SSIIIHD compared to the de-phosphorylated form 
(Fig. 4.4).  Taken together these results demonstrate that SSIIIHD is a substrate of one or 
more protein kinases present in amyloplast extracts, and that phosphorylation of SSIIIHD 
positively influences its association with SSI. 
Much remains to be discovered about the effects of phosphorylation on the activities 
and physical contacts of starch biosynthetic enzymes.  Phosphorylation sites on the enzymes 
need to be identified, and those that mediate specific functions characterized.  The protein 
kinases that generate these post-translational modifications within plastids also need to be 
identified and characterized.  The evolutionary conservation of this regulatory system should 
be of interest, as should the regulatory control of phosphorylation and dephosphorylation in 
regards to starch synthesis.  The significance of protein phosphorylation of specific 
biosynthetic enzymes on amylopectin architecture also needs to be investigated.  Finally, SSI 
and SSIII are not the only phosphorylated proteins in amyloplasts, as staining of the total  
Figure 4.4.  Pull down of SSI by phosphorylated and dephosphorylated GST-SSIIIHD.  “MP” 
indicates the SSI mobile phase protein sample, and “PD” indicates an aliquot of the 
GST-SSIIIHD solid phase matrix after incubation with the mobile phase protein.  Prior to the 
assay the GST-SSIIIHD solid phase matrix was treated with amyloplast extract and washed 
extensively.  One aliquot of the matrix was then treated with calf intestinal alkaline 
phosphatase (CAP) and a second aliquot was treated identically except that CAP was omitted, 
as indicated.
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soluble extracts with Pro-Q Diamond reveals multiple phosphorylated bands (data not 
shown).  Thus, phosphorylation potentially is an important molecular mechanism that 
regulates the biosynthesis of starch. 
Materials and Methods 
Plasmids 
The construction of plasmid pTB-3829 used to express GST-SSIIIHD, pHC16 for 
expression of S-SBEIIa, and pHC18 for expression of S-SSI was described previously 
(Hennen-Bierwagen et al., 2008).  Plasmid pTB-3829 is based in the Gateway system vector 
pDEST15 (Invitrogen, catalog no. 11802014) and the essential elements of the expression 
construct are as follows: 1) the phage T7 promoter, inducible with IPTG, 2) a ribosome 
binding site sequence and a start codon, 3) a coding region for 223 amino acids of the GST 
protein from Schistosoma japonicum, 4) a linker sequence from the acceptor plasmid, 5) 
codons providing a thrombin cleavage site, 6) SSIII codons 770-1225 (Genbank accession 
no. AAC14014), 7) a stop codon, and 8) a transcriptional termination sequence.  Plasmid 
pHC16 is based in the expression plasmid pET-29a(+) (Novagen, catalog no. 69871), and the 
fusion gene is constructed essentially the same as that encoding GST-SSIIIHD.  The 
significant differences are that the amino terminal coding region provided by the vector 
includes the 15 amino acid S-tag sequence, and the maize cDNA insert specifies amino acids 
21-847 of SBEIIa (Genbank accession no. U65948).  Plasmid pHC18 is the same design as 
pHC16, with the exception that the maize cDNA insert specifies codons 39-670 of SSI 
(Genbank accession no. AAB99957).  The fourth plasmid used here is pHC17 that expresses 
S-SBEIIb and was constructed similarly to pHC16.  The same vector sequences are involved, 
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with the only difference that the maize cDNA insert includes codons 62-800 of SBEIIb 
(Genbank accession no. AAC33764).  For all three S-tag fusion proteins the maize amino 
sequence begins at the position corresponding to the amino terminus of the mature protein 
after removal of the plastid targeting peptide. 
Expression Conditions 
Conditions for expression of GST-SSIIIHD were as follows.  Plasmid pTB-3829 was 
transformed fresh for each expression into the electrocompetent E. coli strain Rosetta DE3 
pLysS (Novagen, catalog no. 70956-3).  For optimization tests, single colonies were 
inoculated into 3 mL of LB medium supplemented with 50 mg/mL carbenicillin (LB-Carb) 
and the culture was grown overnight at 37°C.  A fresh 10 mL LB-Carb culture was 
inoculated with 0.1 mL of the overnight pre-culture and grown at 37°C for 2 h.  Expression 
of the fusion gene was induced by addition of 1 M IPTG to a final concentration of 0.5 mM.  
Cultures were then incubated at 30°C for four hours with vigorous shaking.  A parallel 
culture was treated identically except that no IPTG was added.  For optimization tests cells 
from 0.5 mL of culture were harvested by centrifugation and suspended in 40 μL of 2X 
SDS-PAGE loading buffer, boiled for 5 min, centrifuged briefly in a microfuge, and 20 μL of 
the supernatant was applied to an SDS-PAGE gel.  After electrophoresis the gels were 
stained with Coomassie blue to check for induction.  Larger scale cultures were grown and 
induced similarly.  In this instance the preculture was 10 mL and the induction culture was 
500 mL. 
Conditions for expression of S-SBEIIa, S-SBEIIb, and S-SSI were identical except that 
the host strain for the two SBEs was Rosetta DE3 pLysS, and that for the SS was Tuner DE3 
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pLysS (Novagen, catalog no. 70624-3)).  In these instances the medium was LB plus 
50 mg/mL kanamycin (LB-KAN).  Precultures were grown under the same conditions as for 
GST-SSIIIHD.  Induction was initiated by addition of 1 M IPTG to a final concentration of 
1 mM, and the induced cultures were grown at 16°C for 4 h. 
Purification 
Cells in the  500 mL induction cultures were harvested by centrifugation and suspended 
in 10 mL ice cold binding/wash buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% 
Triton X-100, 1 mM PMSF) supplemented with 0.1 mL of freshly prepared 10 mg/mL 
lysozyme (Sigma catalog no. L-6876) and 62.5 μL of 1 M DTT.  The cells were incubated at 
30°C for 15 min, then lysed on ice by six bursts of sonication for 30 sec each.  The lysates 
were centrifuged at 17,000 rpm for 20 min at 4°C and the supernatants were collected and 
filtered through a 0.45 μm nitrocellulose filter.  An additional 0.1 mL aliquot of 1 M DTT 
was added to the supernatant. 
Glutathione-sepharose 4B (GE Healthsciences, catalog no. 17-0756-01) or 
S-protein-agarose (Novagen, catalog no. 69704-4) beads were washed two times in 
1X phosphate buffered saline (PBS) then equilibrated in binding/wash buffer (20 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 10 mM DTT).  A 1 mL volume of a 50% 
bead slurry was added to 10 mL of culture lysate and the mixture was incubated at room 
temperature for 1 h with gentle rocking.  Beads were collected by centrifugation at 500 g for 
10 min, and the supernatant was collected as the flow through fraction for later analysis.  The 
beads were washed at least five times in 5 mL of binding/wash buffer, and the final wash was 
saved for later analysis.  The beads were then wash one time in 50 mM Tris-acetate buffer, 
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pH 7.5, supplemented with 1 M KCl, then washed one additional time in binding/wash 
buffer.  The beads at this stage were used as the solid phase ligand in subsequent pull down 
experiments, and also for purification of the recombinant proteins by release from the matrix. 
GST-SSIIIHD was eluted from the matrix by incubation in excess free glutathione.  
The elution buffer was 50 mM Tris-HCl, pH 8.0 supplemented with 0.3% (w/v) reduced 
glutathione, freshly prepared.  The ratio of bed volume to elution buffer was 1:1, and the 
elution was repeated three times in succession on the same beads and the three supernants 
were pooled.  Each elution was for 10 min at room temperature with gentle rocking.  If 
necessary after checking the concentration of eluted GST-SSIIIHD by SDS-PAGE, the eluate 
was concentrated by filter centrifugation. 
The three S-tag fusion proteins were freed from the S-protein agarose matrix by 
proteolytic cleavage with thrombin, using a reagent kit according to the manufacturers 
protocol (Novagen, catalog no. 69232-3).  Essentially, the matrix containing bound protein is 
treated with biotinylated thrombin, then streptavidin-agarose is added to collect the thrombin, 
then the beads are removed by centrifugation and the supernatant containing the purified 
protein is collected. 
Pull-Down Assays 
Tests for direct binding of specific recombinant enzymes to each other were performed 
as follows.  Aliquots of washed and equilibrated solid phase beads were centrifuged and the 
supernatant removed.  In some instances the beads containing the bound solid phase ligand 
were diluted with empty S-protein agarose, to adjust the concentration of the bound protein 
to be used in the binding assay.  Mobile phase protein in solution was added to the beads at 
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the ratio of two volumes solution phase to one bed volume solid phase.  Experiments 
typically used a bed volume of 100 μL.  The mixtures were incubated for 1 h at room 
temperature.  The beads were collected by centrifugation, and the supernatant was saved as 
the flow through fraction.  Beads were washed five times in five bed volumes of 
binding/wash buffer supplemented with 10 mM DTT.  Aliquots of the beads were boiled in 
one bed volume of 2X SDS-PAGE loading buffer, and the supernatant was analyzed by SDS-
PAGE followed by Coomassie blue staining and immunoblot analyses. 
Phosphorylation and Alkaline Phosphatase Treatment 
Amyloplast extracts were prepared from wild type maize endosperm tissue harvested 
16 days after pollination, as previously described (Hennen-Bierwagen et al., 2008).  A 
600 μL aliquot of solid phase ligand matrix was collected by centrifugation.  To the prepared 
matrix was added 300 μL of amyloplast extract, 300  μL of binding/wash buffer, and 12 μL 
of 10 mM ATP.  The mixture was incubated at room temperature for 30 min with gentle 
rocking.  Beads were collected by centrifugation, washed in five times 1 mL binding wash 
buffer supplmented with 10 mM DTT.  To remove any maize proteins from the amyloplast 
extract that might have bound to the immobilized recombinant protein the matrix was washed 
three times in 1 mL of 50 mM Tris-acetate, pH 8.0, supplemented with 1.0 M KCl.  The 
beads were then equilibrated in binding/wash buffer by two 1 mL washes of binding/wash 
buffer plus DTT. 
Two aliquots of 600 μL bed volume were then washed once in 500 μL of 1X CAP 
buffer (50 mM Tris-HCl, pH 9.3, 1 mM MgCl2, 0.1 mM ZnCl2, 1 mM spermidine), then 
suspended in 500 μL of the same buffer either containing 10 U of calf intestinal alkaline 
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phosphatse (CAP) (Promega, catalog. no. M1821) or without CAP addition.  The mixtures 
were incubated for 3 h at room temperature with gentle rocking.  The beads were collected 
by centrifugation, then washed twice in  500 μL of binding/wash buffer containing 10 mM 
DTT. 
The treated recombinant proteins bound to the matrix were then used to test for 
phosphorylation by Pro-Q Diamond staining, and for pull-down assays.  For staining, 
aliquots of the treated beads were boiled in an equal volume of 2X SDS-PAGE buffer.  The 
supernatants were separated by SDS-PAGE, and the gels were stained successively with Pro-
Q Diamond (Invitrogen, catalog no. P33301) and SYPRO Ruby (BioRad, catalog no. 
170-31126).  For pull-down assays the treated beads were used as described in the previous 
section. 
Protein Staining and Immunoblot Analyses 
Pro-Q Diamond and SYPRO Ruby stains were performed according to manufacturers 
instructions.  The PeppermintStick molecular weight standards (Invitrogen catalog no. 
P33350) containing a mixture of phosphorylated and non-phosphorylated proteins were used 
in the phosphoprotein detection gels. 
Immunoblot analyses followed standard procedures (Ausubel et al., 1989).  Antibodies 
used were GST for detection of GST-SSIIIHD (BD Pharmingen, catalog no. 554805), 
BEIIab for detection of both SBEIIa and SBEIIb, and SSI for detection of SSI.  The latter 
two antisera have been described previously (Hennen-Bierwagen et al., 2008).  Immunblots 
were developed using horseradish peroxidase-conjugated donkey anti-rabbit (Santa Cruz 
Biotechnology, Inc., catalog no. sc-2313), or sheep anti-mouse (Santa Cruz Biotechnology, 
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Inc., catalog no. sc-2005), secondary antibody.  Blots were developed using the ECL 
detection kit (GE Healthsciences catalog no. RPN2209). 
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CHAPTER 5.  SUMMARY AND FUTURE DIRECTIONS 
Summary 
The overall goal of this research was to demonstrate that maize starch biosynthetic 
enzymes physically interact.  This possibility was suggested by prior research analyzing 
single gene mutant phenotypes in which loss of function of any one biosynthetic enzyme also 
resulted in altered activities of one or more additional enzymes in the same pathway.  Further 
indirect evidence for physical association between starch biosynthetic enzymes comes from 
synthetic phenotypes of double mutant lines.  The most logical explanation for these 
observations is that maize starch biosynthetic enzymes physically interact and function in 
multi-subunit complexes, and thus can influence each other’s activity.  The results of this 
dissertation research proved that specific starch biosynthetic enzymes associate with each 
other in multi-subunit complexes in extracts of maize endosperm cells. 
The study approached this overall question in three systematic steps.  In Chapter 2 the 
experiments were designed to demonstrate the capability of the enzymes to associate with 
each other in stable complexes.  Gel permeation chromatography demonstrated that the 
enzymes SSIII, SSIIa, SBEIIa, and SBEIIb all exist in high molecular weight complexes in 
amyloplast extracts or total endosperm extracts.  Initial characterization of those complexes 
came from affinity purification and co-immunoprecipitation experiments.  Those data 
demonstrated that specific partners among the SSs and SBEs exist in the same high 
molecular weight complex or complexes.  Numerous partner associations were identified and 
these are listed in Table 2.3.  Many physical combinations are consistent with those data, for 
example, 1) individual pairwise assembly into dimers, 2) a single complex that contains all of 
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the enzymes examined, and 3) multiple heteromultimeric combinations.  Furthermore, the 
question remained as to whether other unidentified proteins associate with the starch 
biosynthetic in these complexes. 
In Chapter 3 the research characterized the complexes in further depth.  Genetic 
resources were utilized that allowed analysis of the complexes by GPC when one specific 
component was absent.  SSIII was found to be a critical factor for complex assembly, 
because in its absence the highest molecular weight complex containing SSIIa, SBEIIa, and 
SBEIIb failed to form.  Similarly, an intermediate sized complex was dependent on SSIIa, 
because in the absence of that protein both SBEIIa and SBEIIb remained as monomers.  
These genetic interdependency data provide strong evidence that all of these four proteins are 
present in the same high molecular weight complexes, which are referred to based on their 
apparent mass as C600 and C300. 
The research in Chapter 3 continued towards the aim of identifying other proteins 
present in the starch biosynthetic enzyme containing complexes.  The strategy was to 
partially purify C600 and C300 by classical biochemical methods, to separate the protein 
components in the purified fractions, and identify them by tandem mass spectrometry.  
Several novel proteins of potential functional significance were found to co-purify with the 
starch biosynthetic enzymes, particularly SSIII in C600 and SSIIa in C300.  In parallel, 
binding partners were purified based on affinity to a recombinant fragment of SSIII and also 
identified by mass spectrometry.  The same novel partners were identified in several 
instances.  For example, the enzyme pyruvate orthophosphate dikinase (PPDK) was 
identified both in the affinity-purified proteins and in the biochemically-purified proteins.  
Co-immunoprecipitation provided a further test of the association of SSIII and PPDK, and 
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again the two proteins were found in a multi-subunit complex.  These data from three 
independent methods prove that SSIII and PPDK are capable of physical association in 
endosperm cell extracts.  Other co-purified proteins of potential interest based on known 
functions in carbohydrate metabolism are sucrose synthase and ADPGlc pyrophosphorylase.  
Sucrose synthase, like PPDK, was identified by all three methods, i.e., biochemical 
purification, SSIII-affinity purification, and co-immunoprecipitation. 
The next step in this research progression was to determine specific pairwise 
interactions.  The data presented in Chapters 2 and 3 are consistent with either direct or 
indirect interactions between the partners in the complexes, but do not distinguish between 
the two.  Chapter 4 investigated this question by attempting to reconstitute physical 
interactions between specific pairs of recombinant proteins in a minimal system in which no 
other maize proteins or other factors exist. SSI, SBEIIa, SBEIIb, and a fragment of SSIII 
were all expressed in E. coli and purified.  Pull-down assays revealed that specific pairs of 
these proteins bind to each other, thus identifying direct interactions that could contribute to 
formation of the complexes observed in the previous chapters.  Another test of direct 
interactions was included in Chapter 2, using the yeast-two hybrid method.  Again direct 
interactions were detected between specific pairs of proteins and in some cases specific 
regions within them. 
The final aspect of the research was to test whether phosphorylation of any of these 
enzymes affected their ability to interact with their binding partners.  These studies were 
undertaken because previous evidence in wheat had shown that dephosphorylation prevented 
co-immunoprecipitation between SBEI, SBEIIa, and starch phosphorylase (see Chapter 1 for 
further discussion of this point).  The strategy here was to expose recombinant proteins to 
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amyloplast extracts containing native protein kinases, and then to compare pull-down assay 
results between phosphorylated and subsequently dephosphorylated binding partners.  The 
results showed enhancement of binding between SSIII and SSI by the phosphorylation of 
SSIII. 
Taken together this body of work has clearly demonstrated that maize starch 
biosynthetic enzymes associate with each in high molecular weight complexes in endosperm 
cell extracts.  Direct protein-protein interactions were demonstrated in some instances.  Post-
translational modification was shown to influence complex formation.  Finally, potential 
interacting partners with previously unrecognized functions in starch metabolism were 
identified.  The concept of complex formation among starch biosynthetic enzymes had been 
demonstrated previously in wheat amyloplast extracts, however, this dissertation has 
provided a great deal of novel information as follows.  1) Two stable complexes were 
identified and their sizes determined.  2) SSIII was identified as an important factor required 
for assembly of the highest molecular weight complex, i.e., C600, and a likely scaffolding 
factor for this complex assembly.  3) SSIIa was identified as the essential factor for assembly 
of the C300 complex.  4) Direct interactions between specific pairs of starch biosynthetic 
enzymes were demonstrated.  5) Proteins that had not before been directly linked to starch 
metabolism were implicated in this process.  The results have advanced our understanding of 
starch biosynthesis and provide important new information that is likely to be significant in 
the determination of amylopectin structure. 
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Future Directions 
The observations made in this study raise numerous questions about the potential 
functions of the complexes and their biological significance.  The general hypothesis remains 
that the physical associations among the starch biosynthetic enzymes allow for coordinated 
activities important for determination of amylopectin architecture.  In addition to such a 
direct biosynthetic role, the complexes may afford the ability for regulation within the starch 
metabolism pathway in response to metabolic or environmental conditions.  A more global 
regulatory role is also possible, for example regulation of carbon flux between starch, 
protein, and possibly lipids as well, through the course of endosperm cell development and 
grain filling. 
An important initial future objective is to demonstrate that the complexes exist in vivo.  
All of the information gathered in this dissertation comes from analysis of cell-free extracts, 
either from amyloplasts or whole endosperm cells.  A useful approach may be to treat tissue 
with a cell-permeable crosslinking agent prior to protein extraction.  Complex assembly 
could then be tested in conditions that would disrupt normal protein-protein interactions but 
leave intact the covalent bonds due to crosslinking.  The observation that the complexes 
persisted in such conditions would demonstrate that in vivo the proteins involved are located 
within atomic distance.  Another possible approach is bioluminescence or fluorescence 
resonance energy transfer measurements in living tissue, or similar approaches involving 
reconstitution of a detectable marker that is dependent on close approximation in vivo of two 
known binding partners. 
Another important question is the effects on enzymatic activities that result from 
association in the complexes.  Such questions can be addressed using recombinant enzymes 
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assayed alone or in mixtures.  For example, the results in Chapter 4 showed that SSIIIHD 
binds to recombinant SSI, SBEIIa, and SBEIIb.  Each of those enzymes could be assayed 
individually, and SSIIIHD could then be titrated into the reactions.  Regulatory activity of 
SSIIIHD could thus be identified.  Additional foundation work is also required to further 
extend the observations of Chapter 4 to include other recombinant proteins.  SSIIa and PPDK 
might be particularly interesting in this regard.  A related approach would compare 
enzymatic activities of the complexed form of any enzyme to its monomer form by 
performing activity assays on the partially purified complexes. 
The demonstration of phosphorylation effects on complex assembly adds another level 
of complication to these analyses, because in addition to affecting binding the modification 
could also affect activity.  Recombinant protein studies could begin to approach such 
questions.  Modified and unmodified recombinant protein could be tested for enzyme activity 
and ability to physically interact with other potential partners, the latter experiment as 
established in Chapter 4.  Furthermore, phosphorylation sites and the kinases responsible 
must be identified.  In the long term, genetic/transgenic approaches could test the functional 
significance of the post-translational modifications, by constructing mutant plants in which a 
target residue is mutated, or the modifying kinase is absent.  Effects on complex formation, 
enzyme activity, and starch content and structure would all be of interest.  Such approaches 
might be a long term advance to come from this dissertation research, should they lead to 
new knowledge about starch metabolism, or potentially valuable novel forms of starch. 
Long term characterization of the system will require interface mapping to identify the 
structural basis of specific physical associations.  Potential approaches are covalent 
crosslinking followed by proteolysis and mass spectrometry analysis to identify contact sites 
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within the primary sequence of each binding partner.  Another possibility is panning of 
peptide libraries presented through a phage display technique.  Specific starch biosynthetic 
enzymes or internal domains would be immobilized on a matrix, and phage that display a 
particular peptide sequence could be collected from a random library of extremely high 
complexity.  Those would be amplified through the phage life cycle, and successive 
iterations of the process would reveal specific peptide sequences that bind to the ligand.  The 
presence of similar sequences in potential binding partners would identify likely binding 
sites. 
With interaction sites mapped, site-specific mutagenesis could then be used to produce 
altered proteins that are unable to form complexes.  Testing for biological significance of 
complex formation could be accomplished by producing transgenic plants bearing mutant 
enzymes that have normal catalytic activity and gene expression, but differ only by the 
inability to associate in complexes.  If amylopectin structure should be altered in such plants, 
then a firm conclusion could be drawn that the complexes are necessary for normal starch 
biosynthesis.  Again experiments of this type could be a payoff of this dissertation research, 
should novel starch forms arise, or other valuable changes in starch metabolism, from 
mutations that would not have otherwise been envisioned. 
A similar approach could be to uncouple the enzymatic activity domain from the 
protein-binding domain, presuming of course that these two functions are separable.  That is 
likely to be the case at least for SSIIIHD.  Complexes could assemble, but enzymatic 
activities within them would be missing or altered, again potentially causing changes in 
amylopectin structure or starch metabolism. 
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Another future avenue to followup on the novel results of this research is further 
characterization of the interactions between the starch pathway and other metabolic pathways 
known to be functional in the amyloplast or in endosperm cells.  The interactions of starch 
biosynthetic enzymes with PPDK, ADPGlc pyrophosphorylase, ACC1, and sucrose synthase 
require further confirmation to demonstrate in vivo relevance.  If such relevance is 
demonstrated, however, the results are novel and could provide important new insights into 
endosperm metabolism.  For example, experiments similar to those proposed for the SSs and 
SBEs should also be performed with PPDK, towards the aim of constructing plants in which 
the physical association of that enzyme with the starch biosynthesis complex is blocked.  If 
PPDK functions to regulate carbon flux between starch and protein as has been proposed, 
then separating the two enzymes systems could have novel effects on how the grain matures.  
Such knowledge could provide new means of affecting protein content.  From this ability 
plants could be modified for biopharmaceutical production, nutritional improvement, and/or 
starch content for a variety of purposes including biofuels.   
In conclusion, the demonstration that starch biosynthetic enzymes in maize endosperm 
associate in quaternary structures through protein-protein interactions offers new information 
for further understanding fundamental physiological functions in plants.  In addition the work 
affords new opportunity for investigations towards the aim of crop improvement and other 
potentially valuable biotechnological applications.  The value of such applications could be 
economic, but hopefully also be beneficial to human society. 
